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An endocannabinoid mechanism for stress-induced

analgesia
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Acute stress suppresses pain by activating brain pathways that
engage opioid or non-opioid mechanisms. Here we show that an
opioid-independent form of this phenomenon, termed stress-
induced analgesia’, is mediated by the release of endogenous
marijuana-like (cannabinoid) compounds in the brain. Blockade
of cannabinoid CB, receptors in the periaqueductal grey matter of
the midbrain prevents non-opioid stress-induced analgesia. In
this region, stress elicits the rapid formation of two endogenous
cannabinoids, the lipids 2-arachidonoylglycerol® (2-AG) and
anandamide’. A newly developed inhibitor of the 2-AG-deactivat-
ing enzyme, monoacylglycerol lipase*®, selectively increases 2-AG
concentrations and, when injected into the periaqueductal grey
matter, enhances stress-induced analgesia in a CB,-dependent
manner. Inhibitors of the anandamide-deactivating enzyme
fatty-acid amide hydrolase®, which selectively elevate anandamide
concentrations, exert similar effects. Our results indicate that the
coordinated release of 2-AG and anandamide in the periaqueduc-
tal grey matter might mediate opioid-independent stress-induced
analgesia. These studies also identify monoacylglycerol lipase as a
previously unrecognized therapeutic target.

Stress activates neural systems that inhibit pain sensation. This
adaptive response, referred to as stress-induced analgesia (SIA),
depends on the recruitment of brain pathways that project from
the amygdala to the midbrain periaqueductal grey matter (PAG) and
descend to the brainstem rostroventromedial medulla and dorsal
horn of the spinal cord’. Endogenous opioid peptides have key
functions in this process'®, but other as yet unidentified neurotrans-
mitters are also known to be involved'. We proposed that endo-
cannabinoids might be implicated in stress analgesia for two reasons.
First, agonists of CB; receptors—the predominant cannabinoid
receptor subtype present in the brain®'°—exert profound antinoci-
ceptive effects” and suppress activity in nociceptive neurons''™**.
Second, CB, antagonists increase the activity of nociceptive rostro-
ventromedial medulla neurons' and enhance sensitivity. to noxious
stimuli®, indicating that an intrinsic endocannabinoid tone might
regulate descending antinociceptive pathways’.

To study non-opioid S1A we delivered brief, continuous electric
foot shock to rats and quantified their sensitivity to pain after stress
by using the tail-flick test. As demonstrated previously''¢, this
stimulation protocol caused a profound antinociceptive effect that
was not affected by intraperitoneal (i.p.) injection of the opiate
antagonist naltrexone (14 mgkg ™ ') (Fig. 1a). However, the response
was almost abolished by administration of the CB,; antagonist
rimonabant (SR141617A, 5mgkg™" i.p.) (Fig. 1a) or its analogue
AM251 (5mgkg™" i.p.) (Supplementary Fig. 1), but not by the CB,

antagonist SR144528 (5mgkg ' i.p.) (Fig. 1a). The effects of CB,
antagonists cannot be attributed to changes in basal nociceptive
threshold because, in the absence of the stressor, the drugs failed to
alter tail-flick latencies (Supplementary Figs 1 and 2).

If CB, activation is required for the expression of non-opioid SIA,
the latter should be lower in animals rendered tolerant to the
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Figure 1| CB, receptors mediate non-opioid stress-induced anaigesia.
a, CB, antagonist rimonabant (R, filled circles) blocks stress
antinociception. Opiate antagonist naltrexone (N, open diamonds) and CB,
antagomnist SR144528 (S, filled diamonds) have no effect. Open circles,
vehicle (V). Inset: drug effects (F3 30 = 5.99, P < 0.003). The dotted line
indicates the nociceptive threshold. Analgesia index was measured as the
tail-flick latency. b, Stress antinociception is attenuated in WIN55212-2-
tolerant rats (filled squares) compared with controls (open squares)
(F 110 = 16.74, P < 0.0007). Inset: non-stress cannabinoid antinociception
is attennated in WIN55212-2-tolerant rats (F, 33 = 35.11, P < 0.0002).
¢, Rimonabant in dorsolateral PAG suppresses stress antinociception
(F10170 = 20.01, P < 0.0002). Inset: drug effects (F, ;, = 25.63,
P < 0.0002). d, PAG injection sites. Error bars, where visible, indicate s.e.m.;
n = 6-11 per group. Asterisk, P < 0.05; two asterisks, P < 0.01 (analysis of
variance, Fisher’s PLSD test).
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antinociceptive effects of cannabinoids. Consistent with this predic-
tion, rats chronically treated with the cannabinoid agonist
WIN55212-2 (10mgkg ™" i.p., once daily for 14 days) displayed,
along with the expected blunting of acute CB,-dependent antinoci-
ception (Fig. 1b, inset), a marked decrease in stress antinociception
(Fig. 1b). The possibility that this decrement might be due to changes
in opioid tone is unlikely for two reasons: first, rats tolerant to
WINS55212-2 showed no deficit in their antinociceptive response to
morphine (2.5mgkg™" subcutaneously) (data not shown); and
second, in accord with previous results’s, rats tolerant to morphine
(10 mgkg ™" subcutaneously once daily for 7 days) showed normal
non-opioid stress antinociception (Supplementary Fig. 3).

The PAG serves key functions in both the descending control of
pain”'” and the antinociceptive actions of cannabinoid agonists'*. We
therefore asked whether blockade of CB; receptors in this structure
could affect SIA. Rimonabant (2 nmol) reduced stress antinocicep-
tion when microinjected into the dorsolateral PAG (Fig. 1c, d), a
structure linked to non-opioid stimulation-produced analgesia'”*,
but was inactive after injection into the lateral and ventrolateral PAG
(Supplementary Fig. 4). The antagonist was also ineffective when
administered into the lateral ventricle, indicating that its actions were
not due to diffusion to distal sites (Supplementary Fig. 5). These
results are consistent with the presence of CB, receptors throughout
the dorsal midbrain®*® and indicate that endocannabinoid release
and/or intrinsic CB, receptor activity in the PAG might contribute to
SIA.

To determine whether endocannabinoid release participates in this
response, we measured anandamide and 2-AG concentrations in the
dorsal midbrain of rats killed before (nonshock) or at various times
after foot shock (Supplementary Fig. 6). Liquid chromatography/
mass spectrometry (LC-MS) analyses revealed that midbrain 2-AG
concentrations were markedly increased 2 min after shock termination
and returned to baseline about 15 min later (Fig. 2a). This response
preceded a sustained increase in anandamide concentration, which
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Figure 2 | Stress stimulates the formation of 2-AG and anandamide in
dorsal midbrain. Non-stress (open squares) and post-stress (filled circles)
concentrations of 2-AG and anandamide in dorsal midbrain samples
containing the entire PAG (a) and in occipital cortex samples (b). Error bars
indicate s.e.m.; n = 10 per group. Asterisk, P < 0.05 compared with non-
stressed controls; two asterisks, P << 0.01.

LETTERS

peaked 7-15 min after foot shock (Fig. 2a). No such changes were
observed in the occipital cortex (Fig. 2b), a brain region that contains
CB, receptors® but is not considered part of the SIA circuit.

The rapid accumulation of 2-AG in the midbrain after stress
indicates that endocannabinoid release, rather than intrinsic CB;
activity, might be responsible for SIA. If this is so, selective inhibitors
of the 2-AG-hydrolysing enzyme monoacylglycerol lipase (MGL)
should heighten the intrinsic actions of 2-AG and enhance its
analgesic effects. The absence of selective MGL inhibitors prompted
us to develop such an agent. To develop MGL-specific inhibitors we
started from the assumption that similarities should exist between
the substrate-binding site of MGL and that of the anandamide-
hydrolysing enzyme fatty-acid amide hydrolase (FAAH)®: the fact
that both hydrolases cleave arachidonic-acid derivatives indicates
that their binding pockets might accommodate inhibitors of similar
bulk and hydrophobicity. We therefore examined a collection of
carbamate derivatives in which selective FAAH inhibition had been
achieved by mimicking the flexible acyl chain of anandamide with
the isosteric, but more rigid, biphenyl group (Fig. 3a)**. This
screening revealed that although O-biphenyl carbamates (Fig. 3a:
1, URB597; 2, URB524) inhibit the activity of FAAH but not that of
MGL, N-biphenyl carbamates (Fig. 3a, 3, URB602) display an
opposite selectivity (Fig. 3b, ¢). URB602 inhibited rat brain MGL
with a half-maximal concentration (ICsy) of 28 == 4uM (Fig. 3b)
through a noncompetitive mechanism. Without URB602, the appar-
ent Michaelis constant (K,,) of MGL for 2-AG was 24.0 = 1.7pM
and the maximum velocity ( V ,,,) was 1814 & 51 nmol min per mg
protein; with URB602, the K, was 20.0 + 0.4 pM and the Vi, was
541 % 20 nmol min per mg protein (n = 4). When organotypic slice
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Figure 3 | URB602 is a selective MGL inhibitor. a, Structures of
O-biphenyl-substituted FAAH inhibitors (1, URB597; 2, URB524) and the
N-biphenyl-substituted MGL inhibitor URB602 (3). b, URB602 (circles)
inhibits rat brain MGL activity, whereas URB597 (squares) and URB524
(triangles) have no such effect. ¢, URB602 does not affect rat brain FAAH
activity, which is suppressed by URB597 and URB524. d, e, URB602

(100 pM) increases the concentration of 2-AG (d) but not of anandamide (e)
in rat brain slice cultures. Effects of ionomycin (2 pM) and URB597 (1 uM)
are also shown. Asterisk, P < 0.05; two asterisks, P < 0.01 versus control,
t-test (n = 4). Error bars indicate s.e.m.
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Figure 4 | The MGL inhibitor URB602 enhances non-opioid stress-induced
analgesia. a, b, URB602 (602) increases stress antinociception when
microinjected in dorsolateral PAG (a) and lateral/ventrolateral PAG {b), but
does not cause antinociception in non-stressed rats (lateral/ventrolateral
PAG) (c). Rimonabant blocks these effects. Open circles, vehicle; filled
triangles, URB602; filled circles, rimonabant; open triangles, URB602/
rimonabant. Analgesia index was measured as the tail-flick latency. Insets:
drug effects (a, F3 26 = 7.39, P < 0.002; b, F5 ,5 = 9.15, P < 0.0004). Dotted
lines indicate nociceptive thresholds. d, URB602 in the ventrolateral PAG
increases the concentration of 2-AG, but not of anandamide, measured

25 min after shock. Error bars indicate s.e.m.; n = 610 per group. Asterisk,
P < 0.05 compared with all groups; two asterisks, P << 0.01; cross, P < 0.05
compared with vehicle; two crosses, P < 0.01; hash, P < 0.05 compared
with URB602/rimonabant; ANOVA, Fisher’s PLSD post-hoc test.

cultures of rat forebrain were incubated with URB602 (100 pM),
both baseline and Ca**-ionophore-stimulated 2-AG concentrations
were increased (Fig. 3d). In contrast, URB602 did not change
anandamide content (Fig. 3e), which was markedly elevated by the
FAAH inhibitor URB597 (ref. 21) at 1pM (Fig. 3e). Moreover,
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URB602 did not affect the activities of lipid-metabolizing enzymes
such as diacylglycerol lipase™ and cyclooxygenase-2 (ref. 24) and did
not significantly influence binding of ["H}WIN55212-2 to CB, or CB,
receptors {ICsp = 5 uM) or [**SIGTP~S to rat cerebellar membranes
(half-maximal effective concentration (ECsy) > 50 uM) (Sup-
plementary Table 1, and data not shown).

Because of its relatively low potency, URB602 is not suitable for
systemic administration. Nevertheless, microinjections of the
MGL inhibitor (0.1 nmol) into the dorsolateral PAG (Supplementary
Fig. 7a) or lateral/ventrolateral PAG (Supplementary Fig. 7b)
enhanced stress-induced antinociception (Fig. 4a, b). Basal nocicep-
tive thresholds in non-shocked rats were unaffected (Fig. 4¢; Sup-
plementary Fig. 7c). This effect was probably due to the
accumulation of 2-AG in the PAG, for three reasons. First, it was
prevented by the simultaneous administration of rimonabant
(0.2 nmol) (Fig. 4a, b). Second, it was mimicked by the non-selective
MGL inhibitor methyl arachidonyl fluorophosphonate® (2.6 nmol),
whose effects also were blocked by rimonabant (Supplementary
Fig. 9). Last, it was accompanied by an increase in midbrain 2-AG
concentration: 25 min after foot shock, when the antinociceptive
effect of URB602 was at its peak (Fig. 4a, b), 2-AG content was
significantly higher in midbrain fragments of URB602-treated rats
relative to vehicle-treated controls (Fig. 4d). Anandamide concentra-
tions were identical in the two groups (Fig. 4d), further highlighting
the selectivity of URB602 for MGL. These results indicate that
URB602 is a selective MGL inhibitor that enhances stress
antinociception.

To examine the possible role of anandamide in SIA, we adminis-
tered the FAAH inhibitor URB597 (ref. 21} either by systemic
(0.3 mgkg ", i.p) (Fig. 5a) or local (0.1 nmol) (Fig. 5b; Supplemen-
tary Fig. 8) injection into the dorsolateral PAG. In both cases URB597
caused a potentiation of stress antinociception, which was prevented
by rimonabant (1 mg kg™ ' i.p.; 0.2 nmol in the PAG) (Fig. 5a, b). The
FAAH inhibitor did not modify basal nociceptive thresholds
(Fig. 5a, b). Furthermore, administration of the anandamide
transport inhibitor VDM11 (10mgkg™ i.p.)* exerted similar
effects, which also were blocked by rimonabant (2mgkg™" ip.)
(Fig. 5¢).

Our results indicate that the concerted release of 2-AG and
anandamide in the PAG might mediate non-opioid SIA. The two
endocannabinoids might act on local CB, receptors®*** to regulate
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Figure 5 | Inhibitors of anandamide hydrolysis (URB597) and transport
(VDM11) enhance non-opioid stress-induced analgesia. URB597 (filled
squares) administered systemically (a) or in dorsolateral PAG (b) and
VDM11 (filled diamonds) administered systemically (c) potentiate stress
antinociception. Rimonabant blocks these effects after systemic
administration (a, 1mgkg™'; ¢, 2mgkg ") or administration in PAG (b).
Vehicle, open circles; rimonabant, filled circles, URB597/rimonabant, open
squares; VDM11/rimonabant, open diamonds. Analgesia index was
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measured as the tail-flick latency. Insets: effects of URB597 (a, F3 55 = 11.56,
P < 0.0002; b, Fs 4 = 33.69, P < 0.0002) and VDM11 (¢, F ¢ — 21.76,
P < 0.0002). Error bars indicate s.e.m.; n = 5-9 per group. Asterisk,

P < 0.05 compared with all groups; two asterisks, P < 0.01; cross, P < 0.05
compared with vehicle; two crosses, P < 0.01; hash, P < 0.05 compared
with rimonabant (ANOVA, Fisher’s PLSD post-hoc test). Dotted lines
indicate nociceptive thresholds.
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glutamate- and GABA-mediated transmission, ultimately disinhibit-
ing descending pain control pathways. Three points are noteworthy.
First, endocannabinoid-dependent stress antinociception is not
affected by opioid antagonists or morphine tolerance, implying
that it might not require opioid activity. The reverse may not be
true, however, because mutant CB,-null mice have reduced opioid-
mediated responses to stress”. Second, the residual antinociception
observed in the presence of CB, antagonists leaves open the possibility
that additional mediators of SIA remain to be discovered. Last, stress
triggers the formation of both 2-AG and anandamide in the midbrain,
but these two endocannabinoids are released with strikingly dissimilar
time-courses. This observation underscores the existence of functional
differences between these signalling molecules®, pointing to the
possibility that they might act in a coordinated manner to modulate
temporally and/or spatially distinct processes in the PAG and other
brain regions. The ability of both MGL and FAAH inhibitors to
magnify endocannabinoid-dependent SIA also highlights the signifi-
cance of these enzymes as previously undescribed targets for the
treatment of pain and stress-related disorders.

METHODS

Chemicals. We synthesized URB597, URB524 and [’H,lanandamide as
described****, and URB602 (biphenyl-3-yl carbamic acid cyclohexyl ester)
by reacting diimidazole- 1-ylmethanone with biphenyl-3-yl amine in acetonitrile
in the presence of 4-dimethylaminopyridine and subsequently with cyclo-
hexanol. Other chemicals were obtained and administered as described in
Supplementary Methods.

Animals. We used adult male Sprague—Dawley rats for in vive experiments and
Wistar rats for enzyme assays and tissue cultures. All procedures were approved
by the institutional animal care and use committee and followed guidelines of
the International Association for the Study of Pain.

Brain slice cultures. We cultured brain slices from Wistar rats. Pups were killed
on postnatal day 5 by decapitation after cryo-anaesthesia. Brains were removed
and cut (0.4-mm-thick coronal slices) with a vibratome in a bath of ice-cold
high-glucose DMEM (Gibco). Hemispheres were placed on Millicell culture
inserts (Millipore) in six-well plates with serum-based culture medium (1.5 mi)
composed of basal Eagle’s medium with Earle’s salts (100 ml), Earle’s balanced
salt solution (50ml), heat-inactivated horse serum (50ml), L-glutamine
(0.2 mM, 1 ml) and 50% glucose (2 m!) (all from Gibco). Slices were maintained
at 37 °C with 5% CO, for 7 days before use.

Lipid extractions and LC-MS analyses. For ex vivo experiments, we habituated
rats to the guillotine for at least 7 days before the experiment and killed them
either before or at various times (2, 7, 15 and 25 min) after a 3-min foot shock
(n = 10 per group). The brains were rapidly removed, dissected and stored
frozen (80 °C) until lipid extraction. For in vitro experiments, we removed the
medium of slice cultures and replaced it with DMEM (1 ml) containing URB602
(100 pM), URB597 (1 pM) or vehicle (0.1% dimethylsulphoxide) and incubated
the slices at 25 °C for 10 min. In some experiments, slices were incubated with
ionomycin (2 pM) in DMEM for a further 15 min. Reactions were stopped and
washed with ice-cold 50% methanol (1 ml). Slices were collected in the same
medium (0.2ml) and homogenized. Brain tissue (about 50mg) and slice
homogenates were suspended in methanol (2ml) including *H-containing
internal standards (25 pmol). Lipids were extracted in methanol/chloroform/
water (1:2:0.25). The organic phase was recovered, evaporated to dryness,
reconstituted in chloroform/methanol (1:3, 80 ul) and subjected to LC-MS
analysis as described™.

Enzyme assays. We prepared cell fractions from Wistar rat brain homogenates,
and assayed cytosol MGL activity and membrane FAAH activity with 2-
monooleoyl[1,2,3->H]glycerol (ARC; 20 Cimmol '), and [ethanolamine-"H]
anandamide (ARC; 60 Cimmol ™), respectively, as substrates*?'.

Surgery and tolerance induction. We implanted stainless-steel guide cannulae
in the PAG (dorsolateral or lateral/ventrolateral) or left lateral ventricle under
pentobarbital/ketamine anaesthesia 3—7 days before testing. Placements of
cannulae were verified in Nissl-stained sections or by post-mortem injection
of fast green dye. Analyses were restricted to animals exhibiting dye spread
throughout the ventricular system. The induction of tolerance to WIN55212-2
and morphine is described in Supplementary Methods.

Assessment of antinociception. We administered foot shock (0.9 mA, alternat-
ing current, for 3min) to Sprague-Dawley rats with a Lafayette grid-shock
apparatus. Withdrawal latencies in the radiant-heat tail-flick test'>'7 were
measured at 2-min intervals before (baseline) and after foot shock, and
calculated for each subject in two-trial blocks. Removal of the tail from the
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heat source terminated the application of thermal stimulation. Tail-flick
latencies were monitored for 4 min immediately before exposure to the
stressor to evaluate changes in nociceptive thresholds induced by pharmaco-
logical manipulations. Ceiling tail-flick latencies were 10's except where noted.
Tail-flick latencies, measured at baseline or before administration of the stressor,
did not differ between groups in any study.

Data analyses. We analysed results with analysis of variance (ANOVA),
repeated-measures ANOVA and Fisher’s protected least-significant-difference
post-hoc tests. P << 0.05 was considered significant.
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Preface

Public opinion on the medical value of marijuana has been sharply divided. Some dismiss
medical marijuana as a hoax that exploits our natural compassion for the sick; others claim it is a
uniquely soothing medicine that has been withheld from patients through regulations based on
false claims. Proponents of both views cite ‘scientific evidence’ to support their views and have
expressed those views at the ballot box in recent state elections. In January 1997, the White
House Office of National Drug Control Policy (ONDCP) asked the Institute of Medicine to
conduct a review of the scientific evidence to assess the potential health benefits and risks of
marijuana and its constituent cannabinoids. That review began in August 1997 and culminates
with this report.

The ONDCP request came in the wake of state “medical marijuana” initiatives. In
November 1996, voters in California and Arizona passed referenda designed to permit the use of
marijuana as medicine. Although Arizona’s referendum was invalidated five months later, the
referenda galvanized a national response. In November 1998, voters in six states (Alaska,
Arizona, Colorado, Nevada, Oregon, and Washington) passed ballot initiatives in support of
medical marijuana. (The Colorado vote will not count, however, because after the vote was taken
a court ruling determined there had not been enough valid signatures to place the initiative on the
ballot.)

Information for this study was gathered through scientific workshops, site visits to
cannabis buyers’ clubs and HIV/AIDS clinics, analysis of the relevant scientific literature, and
extensive consultation with biomedical and social scientists. The three 2-day workshops—in
Irvine, California; New Orleans, Louisiana; and Washington, DC—were open to the public and
included scientific presentations and reports, mostly from patients and their families, about their
experiences with and perspectives on the medical use of marijuana. Scientific experts in various
fields were selected to talk about the latest research on marijuana, cannabinoids, and related
topics. (Cannabinoids are drugs with actions similar to THC, the primary psychoactive ingredient
in marijuana.) In addition, advocates for and against the medical use of marijuana were invited to
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present scientific evidence in support of their positions. Finally, the Institute of Medicine
appointed a panel of nine experts to advise the study team on technical issues.

Public outreach included setting up a Web site that provided information about the study
and asked for input from the public. The Web site was open for comment from November 1997
until November 1998. Some 130 organizations were invited to participate in the public
workshops. Many people in the organizations—particularly those opposed to the medical use of
marijuana—felt that a public forum was not conducive to expressing their views; they were
invited to communicate their opinions (and reasons for holding them) by mail or telephone. As a
result, roughly equal numbers of persons and organizations opposed to and in favor of the medical
use of marijuana were heard from.

Advances in cannabinoid science of the last 16 years have given rise to a wealth of new
opportunities for the development of medically useful cannabinoid-based drugs. The accumulated
data suggest a variety of indications, particularly for pain relief, antiemesis, and appetite
stimulation. For patients, such as those with AIDS or undergoing chemotherapy, who suffer
simultaneously from severe pain, nausea, and appetite loss, cannabinoid drugs might offer broad
spectrum relief not found in any other single medication.

Marijuana is not a completely benign substance. It is a powerful drug with a variety of
effects. However, the harmful effects to individuals from the perspective of possible medical use
of marijuana are not necessarily the same as the harmful physical effects of drug abuse.

Although marijuana smoke delivers THC and other cannabinoids to the body, it also
delivers harmful substances, including most of those found in tobacco smoke. In addition, plants
contain a variable mixture of biologically-active compounds and cannot be expected to provide a
precisely defined drug effect. For those reasons, the report concludes that the future of
cannabinoid drugs lies not in smoked marijuana, but in chemically-defined drugs that act on the
cannabinoid systems that are a natural component of human physiology. Until such drugs can be
developed and made available for medical use, the report recommends interim solutions.
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Executive Summary

Public opinion on the medical value of marijuana has been sharply divided. Some dismiss
medical marijuana as a hoax that exploits our natural compassion for the sick; others claim it is a
uniquely soothing medicine that has been withheld from patients through regulations based on
false claims. Proponents of both views cite “scientific evidence” to support their views and have
expressed those views at the ballot box in recent state elections. In January 1997, the White
House Office of National Drug Control Policy (ONDCP) asked the Institute of Medicine to
conduct a review of the scientific evidence to assess the potential health benefits and risks of
marijuana and its constituent cannabinoids (see box: Statement of Task). That review began in
August 1997 and culminates with this report.

The ONDCP request came in the wake of state “medical marijuana” initiatives. In
November 1996, voters in California and Arizona passed referenda designed to permit the use of
marijuana as medicine. Although Arizona’s referendum was invalidated five months later, the
referenda galvanized a national response. In November 1998, voters in six states (Alaska,
Arizona, Colorado, Nevada, Oregon, and Washington) passed ballot initiatives in support of
medical marijuana. (The Colorado vote will not count, however, because after the vote was taken
a court ruling determined there had not been enough valid signatures to place the initiative on the
ballot.)

Can marijuana relieve health problems? Is it safe for medical use? Those straightforward
questions are embedded in a web of social concerns, most of which lie outside the scope of this
report. Controversies concerning the nonmedical use of marijuana spill over onto the medical
marijuana debate and obscure the real state of scientific knowledge. In contrast with the many
disagreements bearing on social issues, the study team found substantial consensus among experts
in the relevant disciplines on the scientific evidence about potential medical uses of marijuana.

This report summarizes and analyzes what is known about the medical use of marijuana; it
emphasizes evidence-based medicine (derived from knowledge and experience informed by
rigorous scientific analysis), as opposed to belief-based medicine (derived from judgment,
intuition, and beliefs untested by rigorous science).




2 MARIJUANA AND MEDICINE: ASSESSING THE SCIENCE BASE

Throughout this report, marijuana refers to unpurified plant substances, including leaves
or flower tops whether consumed by ingestion or smoking. References to “the effects of
marijuana” should be understood to include the composite effects of its various components; that
is, the effects of THC, the primary psychoactive ingredient in marijuana, are included among its
effects, but not all the effects of marijuana are necessarily due to THC. Cannabinoids are the
group of compounds related to THC, whether found in the marijuana plant, in animals, or
synthesized in chemistry laboratories.

Three focal concerns in evaluating the medical use of marijuana are:

¢ Evaluation of the effects of isolated cannabinoids.
e Evaluation of the health risks associated with the medical use of marijuana.
¢ Evaluation of the efficacy of marijuana.

EFFECTS OF ISOLATED CANNABINOIDS

Cannabinoid Biology

Much has been learned since a 1982 IOM Marijuana and Health report. Although it was
clear then that most of the effects of marijuana were due to its actions on the brain, there was little
information about how THC acted on brain cells (neurons), which cells were affected by THC, or
even what general areas of the brain were most affected by THC. Additionally, too little was
known about cannabinoid physiology to offer any scientific insights into the harmful or
therapeutic effects of marijuana. That all changed with the identification and characterization of
cannabinoid receptors in the 1980s and 1990s. During the last 16 years, science has advanced
greatly and can tell us much more about the potential medical benefits of cannabinoids.

CONCLUSION: At this point, our knowledge about the biology of marijuana and cannabinoids
allows us to make some general conclusions:

« Cannabinoids likely have a natural role in pain modulation, control of movement, and
memory.

« The natural role of cannabinoids in immune systems is likely multifaceted and remains
unclear.

» The brain develops tolerance to cannabinoids.

o Animal research demonstrates the potential for dependence, but this potential is
observed under a narrower range of conditions than with benzodiazepines, opiates, cocaine, or
nicotine.

» Withdrawal symptoms can be observed in animals, but appear to be mild compared to
opiates or benzodiazepines, such as diazepam (Valium®).

CONCLUSION: The different cannabinoid receptor types found in the body appear to play different
roles in normal human physiology. In addition, some effects of cannabinoids appear to be
independent of those receptors. The variety of mechanisms through which cannabinoids can
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influence human physiology underlies the variety of potential therapeutic uses for drugs that might
act selectively on different cannabinoid systems.

RECOMMENDATION 1: Research should continue into the physiological effects
of synthetic and plant-derived cannabinoids and the natural function of
cannabinoids found in the body. Because different cannabinoids appear to
have different effects, cannabinoid research should include, but not be
restricted to, effects attributable to THC alone.

Efficacy of Cannabinoid Drugs

The accumulated data indicate a potential therapeutic value for cannabinoid drugs,
particularly for symptoms such as pain relief, control of nausea and vomiting, and appetite
stimulation. The therapeutic effects of cannabinoids are best established for THC, which is
generally one of the two most abundant of the cannabinoids in marijuana. (Cannabidiol, the
precursor of THC, is generally the other most abundant cannabinoid.)

The effects of cannabinoids on the symptoms studied are generally modest, and in most
cases, there are more effective medications. However, people vary in their responses to
medications and there will likely always be a subpopulation of patients who do not respond well
to other medications. The combination of cannabinoid drug effects (anxiety reduction, appetite
stimulation, nausea reduction, and pain relief) suggests that cannabinoids would be moderately
well suited for certain conditions, such as chemotherapy-induced nausea and vomiting and AIDS
wasting.

Defined substances, such as purified cannabinoid compounds, are preferable to plant
products which are of variable and uncertain composition. Use of defined cannabinoids permits a
more precise evaluation of their effects, whether in combination or alone. Medications that can
maximize the desired effects of cannabinoids and minimize the undesired effects can very likely be
identified.

Although most scientists who study cannabinoids agree that the pathways to cannabinoid
drug development are clearly marked, there is no guarantee that the fruits of scientific research
will be made available to the public for medical use. Cannabinoid-based drugs will only become
available if public investment in cannabinoid drug research is sustained, and if there is enough
incentive for private enterprise to develop and market such drugs.

CONCLUSION: Scientific data indicate the potential therapeutic value of cannabinoid drugs,
primarily THC, for pain relief, control of nausea and vomiting, and appetite stimulation; smoked
marijuana, however, is a crude THC delivery system that also delivers harmful substances.

RECOMMENDATION 2: Clinical trials of cannabinoid drugs for symptom
management should be conducted with the goal of developing rapid-onset,
reliable, and safe delivery systems.
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Influence of Psychological Effects on Therapeutic Effects

The psychological effects of THC and similar cannabinoids pose three issues for the
therapeutic use of cannabinoid drugs. First, for some patients—particularly older patients with no
previous marijuana experience—the psychological effects are disturbing. Those patients report
experiencing unpleasant feelings and disorientation after being treated with THC, generally more
severe for oral THC than for smoked marijuana. Second, for conditions such as movement
disorders or nausea, in which anxiety exacerbates the symptoms, the anti-anxiety effects of
cannabinoid drugs can influence symptoms indirectly. This can be beneficial or can create false
impressions of the drug effect. Third, in cases where symptoms are multifaceted, the combination
of THC effects might provide a form of adjunctive therapy; for example, AIDS wasting patients
would likely benefit from a medication that simultaneously reduces anxiety, pain, and nausea while
stimulating appetite.

CoNcLUSION: The psychological effects of cannabinoids, such as anxiety reduction, sedation, and
euphoria can influence their potential therapeutic value. Those effects are potentially undesirable
for certain patients and situations, and beneficial for others. In addition, psychological effects can
complicate the interpretation of other aspects of the drug effect.

RECOMMENDATION 3: Psychological effects of cannabinoids such as anxiety
reduction and sedation, which can influence medical benefits, should be
evaluated in clinical trials.

RISKS ASSOCIATED WITH MEDICAL USE OF MARIJUANA
Physiological Risks

Marijuana is not a completely benign substance. It is a powerful drug with a variety of
effects. However, except for the harms associated with smoking, the adverse effects of marijuana
use are within the range of effects tolerated for other medications. The harmful effects to
individuals from the perspective of possible medical use of marijuana are not necessarily the same
as the harmful physical effects of drug abuse. When interpreting studies purporting to show the
harmful effects of marijuana, it is important to keep in mind that the majority of those studies are
based on smoked marijuana, and cannabinoid effects cannot be separated from the effects of
inhaling smoke of burning plant material and contaminants.

For most people, the primary adverse effect of acute marijuana use is diminished
psychomotor performance. It is, therefore, inadvisable to operate any vehicle or potentially
dangerous equipment while under the influence of marijuana, THC, or any cannabinoid drug with
comparable effects. In addition, a minority of marijuana users experience dysphoria, or unpleasant
feelings. Finally, the short-term immunosuppressive effects are not well established but, if they
exist, are not likely great enough to preclude a legitimate medical use.

The chronic effects of marijuana are of greater concern for medical use and fall into two
categories: the effects of chronic smoking, and the effects of THC. Marijuana smoking is
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associated with abnormalities of cells lining the human respiratory tract. Marijuana smoke, like
tobacco smoke, is associated with increased risk of cancer, lung damage, and poor pregnancy
outcomes. Although cellular, genetic, and human studies all suggest that marijuana smoke is an
important risk factor for the development of respiratory cancer, proof that habitual marijuana
smoking does or does not cause cancer awaits the results of well-designed studies.

CONCLUSION: Numerous studies suggest that marijuana smoke is an important risk factor in the
development of respiratory disease.

RECOMMENDATION 4: Studies to define the individual health risks of smoking
marijuana should be conducted, particularly among populations in which
marijuana use is prevalent.

Marijuana Dependence and Withdrawal

A second concern associated with chronic marijuana use is dependence on the
psychoactive effects of THC. Although few marijuana users develop dependence, some do. Risk
factors for marijuana dependence are similar to those for other forms of substance abuse. In
particular, antisocial personality and conduct disorders are closely associated with substance
abuse.

CONCLUSION: A distinctive marijuana withdrawal syndrome has been identified, but it is mild and
short-lived. The syndrome includes restlessness, irritability, mild agitation, insomnia, sleep EEG
disturbance, nausea, and cramping.

Marijuana as a “Gateway” Drug

Patterns in progression of drug use from adolescence to adulthood are strikingly regular.
Because it is the most widely used illicit drug, marijuana is predictably the first illicit drug most
people encounter. Not surprisingly, most users of other illicit drugs have used marijuana first. In
fact, most drug users begin with alcohol and nicotine before marijuana—usually before they are of
legal age.

In the sense that marijuana use typically precedes rather than follows initiation of other
illicit drug use, it is indeed a “gateway” drug. But because underage smoking and alcohol use
typically precede marijuana use, marijuana is not the most common, and is rarely the first,
“gateway” to illicit drug use. There is no conclusive evidence that the drug effects of marijuana
are causally linked to the subsequent abuse of other illicit drugs. An important caution is that data
on drug use progression cannot be assumed to apply to the use of drugs for medical purposes. It
does not follow from those data that if marijuana were available by prescription for medical use,
the pattern of drug use would remain the same as seen in illicit use.

Finally, there is a broad social concern that sanctioning the medical use of marijuana might
increase its use among the general population. At this point there are no convincing data to
support this concern. The existing data are consistent with the idea that this would not be a
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problem if the medical use of marijuana were as closely regulated as other medications with abuse
potential.

CONCLUSION: Present data on drug use progression neither support nor refute the suggestion
that medical availability would increase drug abuse. However, this question is beyond the issues
normally considered for medical uses of drugs, and should not be a factor in evaluating the
therapeutic potential of marijuana or cannabinoids.

USE OF SMOKED MARIJUANA

Because of the health risks associated with smoking, smoked marijuana should generally
not be recommended for long-term medical use. Nonetheless, for certain patients, such as the
terminally ill or those with debilitating symptoms, the long-term risks are not of great concern.
Further, despite the legal, social, and health problems associated with smoking marijuana, it is
widely used by certain patient groups.

RECOMMENDATION 5: Clinical trials of marijuana use for medical purposes
should be conducted under the following limited circumstances: trials should
involve only short-term marijuana use (less than six months); be conducted
in patients with conditions for which there is reasonable expectation of
efficacy; be approved by institutional review boards; and collect data about
efficacy.

The goal of clinical trials of smoked marijuana would not be to develop marijuana as a
licensed drug, but rather as a first step towards the possible development of nonsmoked, rapid-
onset cannabinoid delivery systems. However, it will likely be many years before a safe and
effective cannabinoid delivery system, such as an inhaler, will be available for patients. In the
meantime, there are patients with debilitating symptoms for whom smoked marijuana might
provide relief. The use of smoked marijuana for those patients should weigh both the expected
efficacy of marijuana and ethical issues in patient care, including providing information about the
known and suspected risks of smoked marijuana use.

RECOMMENDATION 6: Short-term use of smoked marijuana (less than six
months) for patients with debilitating symptoms (such as intractable pain or
vomiting) must meet the following conditions:

e failure of all approved medications to provide relief has been
documented;

e the symptoms can reasonably be expected to be relieved by rapid-
onset cannabinoid drugs;

e such treatment is administered under medical supervision in a
manner that allows for assessment of treatment effectiveness;

e and involves an oversight strategy comparable to an institutional
review board process that could provide guidance within 24 hours of a
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submission by a physician to provide marijuana to a patient for a specified
use.

Until a non-smoked, rapid-onset cannabinoid drug delivery system becomes available, we
acknowledge that there is no clear alternative for people suffering from chronic conditions that
might be relieved by smoking marijuana, such as pain or AIDS wasting. One possible approach is
to treat patients as n-of-1 clinical trials, in which patients are fully informed of their status as
experimental subjects using a harmful drug delivery system, and in which their condition is closely
monitored and documented under medical supervision, thereby increasing the knowledge base of
the risks and benefits of marijuana use under such conditions.
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STATEMENT OF TASK

The study will assess what is currently known, and not known about the medical use
of marijuana. It will include a review of the science base regarding the mechanism of
action of marijuana, an examination of the peer-reviewed scientific literature on the
efficacy of therapeutic uses of marijuana, and the costs of using various forms of
marijuana versus approved drugs for specific medical conditions (e.g., glaucoma, multiple
sclerosis, wasting diseases, nausea, and pain).

The study will also include an evaluation of the acute and chronic effects of marijuana
on health and behavior; a consideration of the adverse effects of marijuana use
compared with approved drugs; an evaluation of the efficacy of different delivery systems
for marijuana (e.g., inhalation vs. oral); and an analysis of the data concerning marijuana
as a gateway drug; and an examination of the possible differences in the effects of
marijuana due to age and type of medical condition.

Specific Issues

Specific issues to be addressed fall under three broad categories: the science base,
therapeutic use, and economics.

Science Base

« Review of neuroscience related to marijuana, particularly relevance of new studies
on addiction and craving

« Review of behavioral and social science base of marijuana use, particularly
assessment of the relative risk of progression to other drugs following marijuana use

« Review of the literature determining which chemical components of crude marijuana
are responsible of possible therapeutic effects and for side effects

Therapeutic Use

« Evaluation of any conclusions on the medical use of marijuana drawn by other
groups

. Efficacy and side-effects of various delivery systems for marijuana compared to
existing medications for glaucoma, wasting syndrome, pain, nausea, or other symptoms

« Differential effects of various forms of marijuana that relate to age or type of
disease.

Economics

« Costs of various forms of marijuana compared with costs of existing medications for
glaucoma, wasting syndrome, pain, nausea, or other symptoms

« Assessment of differences between marijuana and existing medications in terms of
access and availability

These specific areas, along with the assessments described above will be integrated
into a broad description and assessment of the available literature relevant to the medical
use of marijuana.
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RECOMMENDATIONS

RECOMMENDATION 1: Research should continue into the physiological effects of
synthetic and plant-derived cannabinoids and the natural function of cannabinoids
found in the body. Because different cannabinoids appear to have different effects,
cannabinoid research should include, but not be restricted to, effects attributable to
THC alone.

Scientific data indicate the potential therapeutic value of cannabinoid drugs for pain
relief, control of nausea and vomiting, and appetite stimulation. This value would be
enhanced by a rapid onset of drug effect.

RECOMMENDATION 2: Clinical trials of cannabinoid drugs for symptom management
should be conducted with the goal of developing rapid-onset, reliable, and safe
delivery systems.

The psychological effects of cannabinoids are probably important determinants of their
potential therapeutic value. They can influence symptoms indirectly which could create
false impressions of the drug effect or be beneficial as a form of adjunctive therapy.

RECOMMENDATION 3: Psychological effects of cannabinoids such as anxiety reduction
and sedation, which can influence perceived medical benefits, should be evaluated in
clinical trials.

Numerous studies suggest that marijuana smoke is an important risk factor in the
development of respiratory diseases, but the data that could conclusively establish or
refute this suspected link have not been coliected.

RECOMMENDATION 4: Studies to define the individual health risks of smoking
marijuana should be conducted, particularly among populations in which marijuana
use is prevalent.

Because marijuana is a crude THC delivery system that also delivers harmful
substances, smoked marijuana should generally not be recommended for medical use.
Nonetheless, marijuana is widely used by certain patient groups, which raises both safety
and efficacy issues.

RECOMMENDATION 5: Clinical trials of marijuana use for medical purposes should
be conducted under the following limited circumstances: trials should involve only
short-term marijuana use (less than six months); be conducted in patients with
conditions for which there is reasonable expectation of efficacy; be approved by
institutional review boards; and collect data about efficacy.

If there is any future for marijuana as a medicine, it lies in its isolated components, the
cannabinoids and their synthetic derivatives. Isolated cannabinoids will provide more
reliable effects than crude plant mixtures. Therefore, the purpose of clinical trials of
smoked marijuana would not be to develop marijuana as a licensed drug, but such trials
could be a first step towards the development of rapid-onset, nonsmoked cannabinoid
delivery systems.

Continued on next page
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RECOMMENDATIONS Continued

RECOMMENDATION 6: Short-term use of smoked marijuana (less than six months) for
patients with debilitating symptoms (such as intractable pain or vomiting) must meet
the following conditions:

o failure of all approved medications to provide relief has been documented;

e the symptoms can reasonably be expected to be relieved by rapid-onset
cannabinoid drugs;

e such treatment is administered under medical supervision in a manner that
allows for assessment of treatment effectiveness;

e and involves an oversight strategy comparable to an institutional review
board process that could provide guidance within 24 hours of a submission by a
physician to provide marijuana to a patient for a specified use.
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Medical Marijuana Has Come of Age
Celebrating the 10th anniversary of a landmark scientific study
Paul Armentano | March 17, 2009

Ten vears ago today, the use of medical marijuana went from fringe to mainstream.

March 17, 2009 marks the 10-vear-anniversary of the publication of the Institute for Medicine's

landmark study on medical cannabis: Marijuana and Medicine: Assessing the Science Base.

At the time this report was commissioned, in response to the passage of California's Compassionate
Use Act of 1996, many in the public and the mainstream media were skeptical about pot's potential

therapeutic value. The publication of the Institute for Medicine's findings—which concluded that

marijuana possessed medicinal properties to treat and control pain and to stimulate appetite—

provided the issue with long-overdue credibility, and began in earnest a political discourse that

continues today.

Of course, much has changed over the past 10 vears. For starters, a total of 13 states, encompassing

some 72 million Americans, now allow for the medical use of cannabis under state law. In California,

several clinical trials have been conducted over the past months demonstrating that inhaled cannabis

can significantly reduce hard-to-treat neuropathic pain in patients with HIV and spinal cord injury.

Following the publication of the Institute for Medicine's report, scientific interest into the

therapeutic properties of cannabis skvrocketed. A keyword search using the terms "cannabis, 1969"

in the National Library of Medicine's PubMed webhsite reveals just 427 scientific journal articles

published on the subject during that vear. Perform this same search for the vear 2008, and one will

find over 2,100 published scientific studies.

Whereas researchers in the 1970s, 80s, and 9os primarilv assessed cannabis's ability to temporarily

alleviate various disease symptoms, scientists today are exploring the potential role of medical

marijuana to treat disease itself,




Of particular interest, scientists are investigating marijuana's capacity to moderate autoimmune

disorders such as multiple sclerosis, rheumatoid arthritis, and inflammatorv bowel disease, as well as

their role in the treatment of neurological disorders such as Alzheimer's disease and Lou Gehrig's

disease.

Investigators are also studving the anti-cancer activities of cannabis, which has been shown to halt

malignant tumor growth in animals. Arguably, these later trends represent far broader and more

significant applications for cannabinoid therapeutics than the Institute for Medicine's researchers
could have imagined just 10 years ago.

We've also discovered alternative ways to safely. effectively, and rapidly deliver pot's therapeutic

properties to patients. Writing in 1999, the Institute for Medicine concluded, "Except for the harms

associated with smoking, the adverse effects of marijuana are within the range of effects tolerate for

other medications.” The authors went on to recommend the development of "rapid-onset
cannabinoid [marijuana] formulations.”

Today, such rapid onset delivery systems exist in the form of vaporizers, devices which heat cannabis

to a temperature where active vapors form but below the point of combustion where noxious smoke

and associated toxins are produced. In 2007, investigators at San Francisco General Hospital

assessed this technology and concluded: "Vaporization of marijuana does not result in exposure to

combustion gasses...and [was] preferred by most subjects compared to marijuana cigarettes. The

7

[vaporizer] device is an effective and apparently safe vehicle for THC delivery.'

As hundreds of thousands of Americans have begun using mariiuana under their doctor's

supervision, we've learned other lessons as well. First, we've affirmed that medical cannabis is

remarkably safe, For example, in 2008 investigators at McGill University in Montreal reviewed over

30 vears of date on marijuana and "did not find a higher incidence rate of serious adverse events

associated with medical cannabis use” compared to those who never used the drug.

We've also discovered that restricted patient access to medicinal cannabis will not necessarily result

in higher use rates among voung people. In fact, since the passage of Proposition 215, the use of pot

by voung people has fallen at a greater rate than the national average.

And finally we've learned—much to the chagrin of our opponents—that in fact the sky wili not fall.

Rates of hard drug use and drugged driving have not increased in California, and our social value




system has not "gone to pot."”

So what can we expect over the next 10 vears? Onlv time will tell, but one thing is certain: The use of

medical cannabis is here to stay. It is time for our federal laws to reflect this reality, and it is time for

our politicians to regulate marijuana like other accepted prescription medicines.

Paul Armentano is the Deputy Director of the National Organization for the Reform of Marijuana

Laws in Washington, DC, and the co-author of the forthcoming book Marijuana Is Safer: So Why

Are We Driving People to Drink.
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Obama Administration to Stop Raids on Medical

Marijuana Dispensers Politics E-Mail
By DAVIO JOHNSTON and NEIL A, LEWIS Keep up with the latest news from Washington with the
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WASHINGTON — Attorney General Eric H. Holder Jr, on PRINT Change E-mail Address | Privacy Policy
° Wednesday outlined a shift in the enforcement of federal drug laws, REPRINTS
. saying the administration would effectively end the Bush SHARE

. administration’s frequent raids on distributors of medical marijuana.

SATHCLE TOOLE
SPINSCRED BY

Speaking with reporters, Mr. Holder
provided few specifics but said the JULY17
Justice Department’s enforcement

policy would now be restricted to

traffickers who falsely masqueraded as medical
dispensaries and “use medical marijuana laws as a shield.”

In the Bush administration, federal agents raided medical
marijuana distributors that violated federal statutes even if

the dispensaries appeared to be complying with state laws. \ ,
The raids produced a flood of complaints, particularly in ]

California, which in 1996 became the first state to legalize

Chip Somodaviia/Setty Images .. . R L.
Eric H. Holder Jr. outlined a new marijuana sales to people with doctors’ prescriptions.
enforcement palicy.

Graham Boyd, the director of the American Civil Liberties
Related Union drug law project, said Mr. Holder’s remarks created
{ Times Topies: Marijuana a reasonable balance between conflicting state and federal
' laws and “seem to finally end the policy war over medical

marijuana.” He said officials in California and the 12 other
states that have authorized the use of medical marijuana had hesitated to adopt
regulations to carry out their laws because of uncertainty created by the Bush
: administration.

| Mr. Holder said the new approach was consistent with statements made by President
. Obama in the campaign and was based on an assessment of how to allocate scarce
enforcement resources. He said dispensaries operating in accord with California law

‘ would not be a priority for the administration.

i Mr. Holder’s comments appeared to be an effort to clarify the policy after some news

{ reports last month interpreted his answer to a reporter’s question to be a flat assertion
i that all raids on marijuana growers would cease. Department officials said Mr. Holder
. had not intended to assert any policy change last month but was decidedly doing so on
. Wednesday.

| Ethan Nadelmann, the founder of the Drug Policy Alliance, said Mr. Holder was telling
- the Drug Enforcement Administration that it should leave legitimate growers of medical
¢ marijuana untouched. “The message from the Bush Justice Department was ‘watch out —

, MOST POPULAR
¢ we have the authority to go after everybody,” ” he said.
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. On other matters, in his first wide-ranging conversation with reporters as attorney 1. Prostate Test Found to Save Few Lives
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. general, Mr. Holder said the Justice Department was still reviewing the case files of

. detainees held at Guantdnamo Bay, Cuba, to determine whether they could be released or
.~ would be tried in a civilian criminal court or some other legal forum. He said it was

- possible that some detainees like the Uighurs held in Cuba could be released into the

. United States.

: He also said the department was “monitoring” developments related to accusations of

abuse of detainees by the Central Intelligence Agency, but stopped short of endorsing the
j appointment of a special prosecutor. “We will let the law and facts take us to wherever we
' need to go,” he said.

; Mr. Holder said the department should be open to preserving a healthy newspaper
¢ industry. He said he would consider adjusting enforcement of antitrust statutes if that
; would help news organizations develop collective distribution systems.

A version of this article appeared in print on March 19, 2009, on page
AZ20 of the New York edition,
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INTRODUCTION

An association between cannabis use and neuropsychiatric conditions is of major importance
“because of the potential for the use of cannabis as a recreational drug or medicine and also for
understanding the biological mechanisms by which cannabinoids act on brain structure and function.
In this chapter we review evidence for a number of hypotheses which have been proposed to
describe the putative role of cannabis use in the precipitation of psychosis. The majority of studies
support the vulnerability hypothesis, especially with respect to schizophrenia. The hypothesis that
the consumption of cannabis is a form of self-medicatiorn for the symptoms of schizophrenia and
depression has also gained support.

Evidence for and against long-term neuropsychiatric impairment due to cannabis consumption
has to be considered, keeping in mind both the time interval between cannabis use and the
neuropsychological assessments and the age of onset of cannabis use.

Finally, recent progress in the investigation of the role of the endocannabinoid—CB, receptor
system in mental disease in animal models as well as in humans, especially with respect to its
interaction with the dopamine neurotransmitter system, opens up new avenues for the understanding
and treatment of the major mental disorders.

The history and science of cannabis and cannabinoids and their relation to mental health and
disease are fraught with controversy, ambivalence, and contradictory claims. Perhaps this is
inevitable when one considers that endocannabinoids serve a modulatory function in many
neurochemical and psychopharmacological processes, and deficiencies or excesses in any of
these may produce manifestations of psychopathology. The different aspects of this controversy
regarding the role of cannabis in psychiatric disorders have been reviewed previously in detail
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(Grinspoon, 1977; Grinspoon and Bakalar, 1997; Grinspoon, Bakalar, and Russo, 2005; Russo,
2001; Russo, 2004; Russo et al., 2001).

HISTORICAL HIGHPOINTS

The first well-documented description of the effects of cannabis on mood may derive from
Mesopotamia (see Figure 15.1). Clay tablets discovered in the Assyrian library of Ashurbanipal
seem to derive from Sumerian and Akkadian documents of the 22nd century B.C.E., wherein cannabis
is described as being ingested as a remedy for grief or “depression of spirits” (Thompson, 1949).

Chinese Emperor Shén-Nung prescribes cannabis for senility
Sumerian/Akkadian, cannabis use fornissati,grief
Atharva Veda,bhang for grief
Qunnapu,Babylonian incense
Herodotus, cannabis as Scythian funerary
Tombs of Pazyryk, Scythian burned cannabis
Diodorus Siculus, use in Egypt
Galen, cannabis as inebriant
Tantric use of cannabis in India
Jabir ibn Hayyan, psychoactive
Hildegard von Bingen
Avicenna, Persia
ANCIENT/MIDDLE AGES Maimonides, Egypt

3000 BCE 2000 1000 0 1000 1500 CE

Garcia da Orta, India, psychoactive
Robert Burton,Anatomy of Melancholy,ecstatic
Rumphius, Indonesia, inebriation
Kaempfer, psychotropic in Persia and India
RENAISSANCE

1500 1600 1700 1800 CE

O’ Shaughnessy, Indian hemp
Clendinning, England, anxiety,depression, morphine withdrawal
Lallemand, Le Hachcych,utopian visionary
Moreau, Pu Haschich et de l1’Alientation Mentale
Fitz Hugh Ludlow, The Hasheesh Eater
McMeens Report, Ohio, bipolar disease
Tyrell, delirium tremens, opiate addiction
Reynolds, depression, senile restlessness
Polli, Italy, melancholia and anxiety
Strange, melancholia, depression, insomnia
Aulde, delirium tremens
Mattison,addiction cocaine,opiates
h India Hemp Drugs Commission
19*PceNTURY Dixon, smoked for pain/work/appetite

1840 1850 1860 1870 1880 1890 1900 CE

Panama Canal Zone Commissions
LaGuardia Commission (USA)
Mechoulam/Edry isolation and synthesis of THC
Mikuriya, cannabis in alcoholism
Controlled Substances Act (USA)
Regelson, mood elevator, tranquilizer in cancer
Chronic use studies, Costa Rica, Jamaica
CBjreceptor defined: Devane/Howlett
Anandamide: Devane/Mechoulam
Grinspoon: psychiatric uses
2-AG/noladine discovered
Volicer, Rlzheimer

20th cENTURY Muller-Vahl,TS,OCD
Entourage effect-Israel
1530 1940 1950 1960 1970 1980 1590 2000 CE

FIGURE 15.1 Cannabis Psychiatric Time Line by Ethan Russo, M.D. (Adapted and expanded from Russo,
2004.)
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In the Indian Atharva Veda (passage 11.6,15) circa 1600 B.C.E., cannabis, or bhanga, is one
of five herbs employed to “release us from anxiety.” (Commission. 1894, Appendix 3, p. 286).

Perhaps older yet is the Pén Tsao Ching, written in the first or second century but attributed
to Emperor Shén Nung in the third millennium B.C.E.. which noted that excessive ingestion of
cannabis flowers produced hallucinations (literally, “seeing devils™) (Li, 1974, p. 446).

The Greek historian Herodotus noted the use of burned cannabis flowers in the 5th century
B.CE. by the Scythian peoples of central Asia as a funerary rite causing them to “shriek with
delight at the fumes” (Herodotus, 1998, p. 259, Book 4, Passage 75).

Hyperbole has often surrounded any discussion of cannabis, and this is true even in the early
accounts of its dangers: Al-Ghazzi, quoting Az-Zarkashi in the 14th century, indicated that cannabis
“causes sudden death or madness” (Hamarneh, 1978, p. 288), although he acknowledged its
therapeutic role in medicine.

The benefits of Indian hemp in depression were noted in Europe by the 17th century (Burton,
1907) but were not studied more formally until the 19th. Jacques-Joseph Moreau investigated
cannabis both as a model psychosis-inducing and psychotherapeutic agent (Moreau, 1845). In North
America in 1859, McMeens (1860) described a case study of a man with “hysterical insanity” who
had cycles of manic energy during which he thought himself a great inventor. These were interspersed
with bouts of melancholy and inertia — symptoms of what we would likely recognize today as
bipolar disease. A tincture of Cannabis indica seemed to even his mood, presaging similar anecdotal
evidence of such benefit noted by Grinspoon in modern-day bipolar patients (Grinspoon and Bakalar,
1998).

Controversy continued, however, and led to the first in-depth governmental investigation by
the British that resulted in the Indian Hemp Drugs Commission Report (Indian Hemp Drugs
Commission, 1894), which exceeded 3000 pages in length. The commission scoured the asylums
of the subcontinent to assess the widely assumed role of cannabis as a precipitant of menta} illness.
It was observed that documentation was poor. and attribution to ganja was often assigned arbitrarily
in cases where no other explanation was forthcoming (Kaplan, 1969). No actual association of
cannabis and mental illness was apparent, and only 61 cases in the entire region were identified in
which the herb could be etiologically implicated. Equivalence of symptomatology was observed
in cases with or without such exposure, and affliction associated with cannabis usage appeared to
be self-limiting. In contrast in Egypt, one author felt that hashish was a frequent cause of insanity
(Warnock. 1903), but this was not based on any epidemiological investigation.

Another extensive evaluation was undertaken in India (Chopra and Chopra, 1939) in which the
authors noted the prevalent usage of cannabis as a stress reliever and accessory to hard physical
labor. They even acknowledged a benefit in individuals suffering from hypochondriasis or neurosis.
They summarized the issue of etiological causation of mental illness as follows (p. 103): “It does
not necessarily produce insanity except in perhaps those who have predisposition to it.”

After extensive study, the LaGuardia Commission noted (Wallace and Cunningham, 1944, p.
218): “Furthermore, those who have been smoking marihuana for a period of years showed no
mental or physical deterioration which may be attributed to the drug.”

In Morocco, a “cannabis psychosis™ was noted among kif smokers {(Benabud. 1957), but (see
Grinspoon, Bakalar, and Russo. 2005) its purported incidence (5/1000) is well below the baseline
rate of schizophrenia in this and other populations worldwide.

THE LAST 40 YEARS

The widespread use of cannabis in western industrial nations began in the 1960s and led the National
Institute on Drug Abuse (NIDA) to fund an extensive series of studies on the chronic use of cannabis
in nations with such experience. In Jamaica (Rubin and Comitas, 1975), chronic ganja use was
studied in 30 users and matched controls. One nonuser showed signs of depression on neuropsy-
chological testing and another was assessed to be a borderline case of depression. No signs of active
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psychosis were observed. In all. no significant differences were observed between the groups with
respect to mood. thought. or behavior.

In Greece, hashish smokers were studied (Stefanis et al., 1977), and though a greater incidence
of psychopathology was observed in users as compared to controls, most were accounted for by
“personality disorders.” Interestingly, more psychiatric abnormalities were observed in moderate
as opposed to heavy wsers. In Costa Rica (Carter, 1980), cannabis smokers belicved it to be of
benefit for depression and malaise. No significant indicators of adverse sequelae were observed in
the personality or performance of cannabis users.

More recently, studies have attempted to test several distinct hypotheses about the relationship
between cannabis use and psychiatric disease. By far. the majority have dealt with schizophrenia
and only a minority with depression and anxiety. In gencral, the following hypotheses were
investigated:

Cannabis use causes psychosis.

Cannabis use precipitates a psychotic attack in vulnerable individuals.

Cannabis use worsens (positive) schizophrenic symptoms.

Cannabis use is comorbid with schizophrenia.

Cannabis is used as self-medication for the negative symptoms of schizophrenia.
Cannabis is used as self-medication for anxiety and depression.

A e

Before discussing the evidence for and against these hypotheses, a separate but relevant issue
which has remained unresolved for over a 100 yr (Iversen, 2000) must be discussed: Does cannabis
induce (symptoms of) schizophrenia. or does the drug induce a separate entity (marijuana psychosis,
{MPY) of psychotic symptoms that persist well after its consumption?

Nunez and Gurpegui (2002) compared spontaneous attacks of schizophrenia (acute schizophre-
ma) to chronic. heavy cannabis-use—induced schizophrenia (MP). Although there was a partial
overlap of the symptoms, the symptoms of MP and acute schizophrenia could be distinguished
from each other. Moreover, all MP patients completely recovered with neuroleptic treatment.
Therefore, the findings of this study argue for the existence of MP as a separate disorder.

In two studies on healthy subjects (Dumas et al.. 2002; Skosnik et al., 2001), schizotypic traits
were compared among three groups: nonusers, regular current users, and an intermediate group
consisting of past or occasional users. In both studies, regular use was associated with schizotypal
personality traits. In the study by Dumas and colleagues, occasional and past users were similar
to regular users. whereas, in contrast, in the study sample of Skosnik et al., past cannabis users
were similar to nonusers. In the Skosnik study, the intermediate group included only past users
(L.e.. with no cannabis use for at least 45 d prior to assessment), whereas in the Dumas study, the
intermediate group included occasional as well as past users; when data from both studies are com-
bined, the findings argue against a residual effect of cannabis and are consistent with the position
that MP is simply an expression of increased vulnerability to cannabis-induced intoxication (Nunez
and Gurpegui, 2002). It should be noted, however, that “past users” in the Skosnik study may have
included light or one-time users, who are not at risk of developing MP.

Whether or not MP is a separate psychotic entity, the effect of cannabis use on the onset and
development of schizophrenia has been widely investigated but still remains controversial.

A variety of research designs have been used to investigate the cannabis—psychoses association,
including retrospective vs. prospective designs. clinical vs. nonclinical, and with small vs. large
samples. In these studies, timing is critical in two respects: (1) Were the symptoms measured during,
immediately after, or long afler cessation of cannabis use? and (2) What was the age of onset of
cannabis use? Despite the widely different approaches, the findings of the majority of the studies
support at least some association between cannabis smoking and psychosis.

Grinspoon studied 41 patients in Massachusetts with first-break acute schizophrenia (Grinspoon,
1977); six (15%) had a history ol cannabis use. Upon close examination, he found that in four
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patients, the development of psychosis was quite remote from the exposure. The role, if any. of
cannabis in the remaining two patients was quite unclear.

In arecent study from Sweden on schizophrenia (Zammit et al., 2002), the authors reexamined
Swedish conscripts from 1969, the same cohort studied earlier by Andreasson et al., (1987). In the
current study, the group defined as the “frequent users™ (> 50 times) was found to have an incidence
of schizophrenia of 5.7% as opposed to 0.6% in nonusers of cannabis. These cannabis smokers
reportedly had not used any other drug.

Another recent study examined a cohort of young New Zealanders for cannabis use and the
development of adult psychosis (Arsenault et al., 2002). In this article. the controls were defined
as those who had used cannabis 0 to 2 times, whereas “cannabis users” were those who had taken
the drug 3 times or more by age 15 and continued at some unspecified rate of intake through age
18. Smoking cannabis was found to increase the incidence of psychosis in adults, and importantly,
psychosis was more likely the earlier the age of onset of cannabis use. This age of onset was also
determined to be relevant in a study by Nunez and Gurpegui (2002), who found that in heavy
cannabis users who developed MP, a large proportion (64%) had started to smoke cannabis between
the ages of 13 and 15.

In another study and its follow-up, performed on 232 schizophrenia patients, 13% of which
had a history of cannabis use, the relationship between the age of onset of cannabis smoking and
the onset of schizophrenia was analyzed (Hambrecht and Hafner, 2000; Buhler et al., 2002).
Although the distinction between cannabis use and drug (other than alcohol) use was not clearly
defined, the authors estimated that the great majority (88%) of the drug users predominantly but
not solely used cannabis. It appeared that whereas overall drug or cannabis use was twice as high
in the study sample as in the general population of that area (Germany). the cannabis users with
schizophrenia in the study group could be divided into equal groups of: (1) those with a history of
having used cannabis for years before the onset of psychosis; 2) those in whom cannabis use and
schizophrenia started at the same time, and 3) those who had commenced cannabis use only after
the onset of schizophrenia. Therefore, these observations support the causation, the vulnerability.
as well as the self-medication hypotheses (see following text). A recent evaluation of the data
(Degenhardt and Hall. 2002) indicates support for the concept that cannabis may serve as a
precipitant in vulnerable patients and increase relapse rates.

On the other hand, evidence for a causal relationship between cannabis use and psychoses in
otherwise low-risk persons is much more scarce (Johns, 2001; Hall and Degenhardt, 2000; Mass
etal,, 2001). Convincingly arguing against the causation hypothesis is the finding that in Australia
no increased rate of incidence of schizophrenia has been reported over a period of several decades
despite a dramatic increase in cannabis use during that period (Degenhardt. Hall and Lynskey. 2003).

In agreement with this, Joy, Watson, and Benson (1999) of the Institute of Medicine observed
(p. 106) that “people with schizophrenia or with a family history of schizophrenia are likely to be
at greater risk for adverse psychiatric effects from the use of cannabinoids,” and “there is little
evidence that cannabis alone produces a psychosis that persists after the period of intoxication.”

Interestingly, in a cohort at very high risk for schizophrenia (defined by the presence of subthresh-
old psychotic symptoms and a family history of schizophrenia). no relationship was found between
cannabis use and the incidence of schizophrenia (Phillips et al., 2002). Is it possible that the likelihood
of developing schizophrenia was already so high that cannabis use could not add to the final outcome?

In support of the self-medication hypothesis. it is known that cannabis may ameliorate certain
symptoms of psychosis (Warner et al.. 1994), including activation symptoms and the subjective
complaints of depression. anxiety, insomnia. and pain. In a sample of patients with chronic schizo-
phrenia, Bersani and colleagues (2002) found evidence for a precipitating influence of cannabis in
the development of schizophrenia. and in the same sample, a subgroup was identified that used
cannabis to self-medicate for amelioration of negative symptoms. This finding is supported by
observations in a nonclinical sample of a significant association between cannabis use and the
negative symptoms of schizophrenia (Verdoux et al.. 2003).
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The proposition that cannabidiol (CBD), a nonpsychouctive component of the cannabis plant,
possesses considerable antipsychotic activity (Zuardi and Guimaraes, 1997) s supportive of the self-
medication role of cannabis in the disorder. but this action is not via the cannabinoid CB, receptor.

Taken together. most studies confirm the vulnerability hypothesis for cannabis use and schizo-
phrenia. Thus. schizophrenia patients should probably not use cannabis because a psychotic episode
can be induced in someone with a preexisting disorder and. indeed, increased hospitalization rates
and symptom exacerbation have been demonstrated (Caspari. 1999). Increased rates of psychosis
are also observed in those meeting the criteria for cannabis dependence (Fergusson, Horwood, and
Swain-Campbell. 2003). Hollister. (1986) summarized in his review {p. 6-7): “It would seem
reasonable to assume that cannabis might unmask latent psychiatric disorders.”

MOOD DISORDERS

An acute depressive reaction, occasionally observed in cannabis users, has most often been encoun-
tered in those with underlying depression (Grinspoon and Bakalar. 1997). The same authors. however,
have published several case reports of improvement in bipolar svmptoms with cannabis usage
(Grinspoon and Bakalar. 1998). These clinical observations are partly supported by epidemiologic
investigations which have approached the question (analogous to the questions on etiology in
schizophrenia; see section titled “The Last 40 Years™) of whether cannabis use increases the risk for
depression or. conversely. whether depression results in more frequent use of cannabis in an attempt
to self-medicate. Cross-sectional studies tend to suggest that depression induces cannabis use, and
longitudinal (prospective) studies suggest the opposite, l.e.. that cannabis consumption precipitates
depression in later life (up to a fourfold increase in risk) (Bovasso, 2001: Patton et al., 2002).
However, in nonclinical samples. no association or very weak associations were found between
various measures of depression and cannabis smoking (Chen et al., 2002: Green and Ritter, 2000;
Tournier et al., 2003). Suicide attempts were significantly higher in cannabis smokers but this
association lost statistical significance after sociodemographic factors, history of psychiatric symp-
toms in childhood. and concurrent psychiatric symptoms were controlled (Beautrais et al., 1999).

Thus, taken together. the epidemiological evidence does not support a causative or precipitating
role tor cannabis in chronic anxiety or depression. With respect to self-medication, among four patients
with serious chronic diseases (in the Compassionate Use Investigational New Drug Program) who
utilized high amounts of cannabis daily for many vears for symptom control (Russo et al.. 2002), scores
on the Beck Depression Inventory were very low. Similarly, of the 2480 patients surveyed who had
used cannabis for medical indications in one large practice in California over a number of years, 660
(26.6%) did so primarnily for treatment of mood disorders: this included 162 (6.5%) for depression. 73
(3% for anxiety, 34 (1.4%) tor bipolar disorder. and even 26 (1% for schizophrenia (Gieringer, 2001).

Although there are no reports of controlled clinical trials on the use of cannabis for mood
disorders, benefits have been noted in depression measures in cancer patients treated with THC
(Regelson et al.. 1976). In addition. CBD has demonstrated benefit in the treatment of anxiety
(Zuardi and Guimaraes. 1997). allaying anxiety in experimental subjects with no significant side
etfects (Zuardi et al.. 1993). Controlled clinical trials seem indicated with this agent. Interestingty,
a recent study on rats, in which extinction of cocaine- or amphetamine-induced place preference,
a form of motivational learning. was enhanced. suggests that CBD may be involved in emotion-
relevant processes (Parker et al.. 2003).

EFFECTS OF LONG-TERM CANNABIS USE ON COGNITION
AND BEHAVIOR

A major concern with long-term use of cannabis. whether consumed for recreational or medicinal
purposes. is the possibility of irreversible damage to brain structure or function. There is agreement
among researchers. however, that long-term use of cannabis does not result in structural brain damage
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or gross cognitive deficits (Solowij, 2002). However, the possibility that cannabis use results in
subtle and/or specific cognitive impairments has been the subject of considerable controversy.

Hall and Solowij (1998) have reported detrimental neurocognitive effects in long-term heavy
cannabis users. However, these subjects were investigated while they were current users and
therefore the deficits could have been a direct effect of intoxication. Until recently, no studies were
available which observed a period of abstinence of more than a few days (Solowij, 2002). In an
additional study performed by Solowij and colleagues (2002), very long-term cannabis users
(median 24 yr of use) showed deficits in tests for memory and attention. However, users defined
as short-term users, but whose mean duration of use was nevertheless 10.2 yr, did not differ. in
general, from controls. Moreover, abstinence intervals were minimal (median 17 h). As recovery
of function is likely to involve changes in plasticity, such as CB, receptor densities, such a short
interval is unlikely to allow for significant reversals.

More recently, investigations have been performed which allowed for considerably longer absti-
nence periods (1 to 3 months). These investigations in general do not support the existence of a
residual effect of cannabis that persists well after cessation of consumption. Thus, in a long-term
prospective investigation of a sample of children of mothers who smoked cannabis during pregnancy
(Fried et al., 2002), these children themselves became heavy users as young adults, displaying a
4-point decrease in IQ (as compared to an earlier assessment made at the age of 9—12 yr). In contrast,
heavy users who had abstained from cannabis use for at least 3 months gained IQ points, which was
similar to the findings in light current users or nonusers: these groups gained 3.5, 5.8, and 2.6 points
respectively. In a study by Pope and colleagues (2001), a 28-d-long wash-out period was sufficient
to eliminate the deficits in neuropsychological performance observed in current heavy users. It is
possible. however, that a more detailed analysis of cognitive function would reveal residual effects
of cannabis smoking. Perhaps future studies will more definitively answer this question.

In accordance with the latter two investigations, a recent meta-analytic study of residual
neurocognitive effects of cannabis use did not reveal detrimental effects, except for a modest
impairment in memory tests. The authors conclude that when medical use of cannabinoids is being
considered, the health benefits should be carefully weighed against the very modest potential for
cognitive decline (Grant et al., 2003).

A meta-analytic study of 3206 subjects on the behavioral traits associated with cannabis use
and abuse (Gorman and Derzon, 2002) demonstrated merely an association with “‘unconventionality”
and not more serious disorders, mirroring much older observations (Goode, 1970). Cannabis use and
good mental health are not mutually exclusive. A recent British study has shown that drug experi-
mentation is associated with high self-esteem (Regis, 2001). Another British study showed no causal
relationship between cannabis use and delinquency in young people (Hammersley et al., 2003).

In short. chronic cannabis use does not appear. after cessation of drug use, to result in a:

significant cognitive decline or behavioral symptomatology. However, as discussed for cannabis
use as a risk factor for schizophrenia (see section titled “The Last 40 Years™), age of onset of
cannabis use may be critical in determining the outcome of cannabis consumption later in life.
Thus, in a recent study by Pope and colleagues (2003), heavy cannabis users who had started before
the age of 17 differed from controls in neuropsychological tests, mainly on verbal IQ.

BIOLOGICAL EVIDENCE FOR A ROLE OF THE
ENDOCANNABINOID-CB, RECEPTOR SYSTEM IN
NEUROPSYCHIATRIC DISORDERS

The prefrontal cortex (PFC) is thought to integrate cognitive and emotional functions and. as the
target area for the mesocortical dopamine system, may be the primary dysfunctional area in schizo-
phrenia and the site of action for antischizophrenic drugs (Thierry et al.. 1978). This area is also
exquisitely responsive to stress (Thierry et al.. 1976). and it is well established that schizophrenia




378 Endocannabinoids: The Brain and Body’s Marijuana and Beyond

is frequently triggered by stressful life events (Carlson, 2001). The density of CB, receptors in the
PFC is high, at least relative to other G-protein-coupled receptors (Herkenham et al., 1990). Close
interactions between the dopamine system and exo- and also endocannabinoids have been shown
repeatedly. For example, THC was shown to increase presynaptic dopamine efflux and utilization
in the PFC (Chen et al., 1990; Jentsch et al., 1997). In the dorsal striatum also, an interaction has
been observed but in the opposite direction: activation of D, dopamine receptors caused increased
outflow of anandamide (Giuffrida et al., 1999).

A link between stress and cannabinoids has also been shown repeatedly. Thus, administration
of cannabinoids or anandamide produced anxiety-like responses in rats (Rodriguez de Fonseca
et al., 1997. Navarro et al.. 1997) and mice (Chakrabarti et al., 1998) and activation of the
hypothalamic-pituitary—adrenal “stress hormone™ axis in rats (Weidenfeld et al., 1994; Rodriguez
de Fonseca et al.. 1996) and calves (Zenor et al., 1999). We have shown that acute noise stress
induces a fourfold increase in anandamide levels in the PFC but not in the hippocampus of adult
mice (Fride and Sanudo-Pena, 2002). Taken together, these studies suggest that activation of the
endocannabinoid—CB, receptor system in the PFC. either by stress or by cannabis use, may trigger
symptoms of schizophrenia.

Thus far. only a few studies have been performed on the putative connection between the
endocannabinoid-CB, receptor system and schizophrenia in humans. Higher concentrations of CB,
receptors have been found in the dorsolateral PFC of deccased schizophrenic patients but not in other
regions such as the hippocampus and the caudate-putamen (Dean et al., 2001). Levels of anundamide
were higher in the cerebrospinal fluid of schizophrenic patients. but only in 3 out of 10 patients
{Leweke et al., 1999). In the same study, an elevation ol the non-CB; receptor-binding palmitoyl
cthanol amide was also found in a subsct of 4 of the 10 patients. It seems that only an analysis of
both these findings combined produced statistical signiflicance (Leweke ct al., 1999). Further, healthy
volunteers intoxicated with cannabis resin displiyed perceptual abaormalities similar to that of
schizophrenic paticnts who did not receive cannabis {Emrich et al., 1997). This obscrvation was
interpreted as support for the hypothesis that schizophrenia is characterized by a disturbance of the
endocannabinoid-CB, receptor system. Taken together these preliminary findings support the possi-
bility that schizophrenia may be characterized by an overactive endocannabinoid—CB) receptor system
in the PFC. Fritsche (2000) has hypothesized that CB, receptor-deficient {knockout) mice may
display similaritics to patients with schizophrenia and may be a model for the disease, implying
that schizophrenia is characterized by a lack of CB| receptors. Although much more work needs
1o be done, the data emanating from various approaches largely point to a major role for the
endocannabinoid-CB, receptor system in schizophrenia. in close interaction with the dopamine
neurotransmitter system.

CONCLUSIONS

Cannabis has been used in medicine and psychiatry for many centuries and in a variety of cultures.
A role for cannabis in the etiology and precipitation of mental disease has been frequently suggested
and has obtained wide support. However, the nature of this influence has remained controversial.
Most research has focused on schizophrenia. The vulnerability hypothesis, according to which, in
individuals at risk for psychosis. cannabis use may trigger the disease, has obtained extensive
support. A simple causative effect by which cannabis use may induce schizophrenia in otherwise
normal individuals is hardly tenable. The theory that consuming cannabis is an effort to selt-
medicate, mainly for the negative symptoms of schizophrenia, has also gained some support and
remains an attractive hypothesis. especially in view of the biological evidence for an intimate
connection between the endocannabinoid—CB, receptor system, the dopamine neurotransmitier
system, stress. and schizophrenia.

Although most of the evidence does not support the existence of adverse effects persisting
beyond the cessation of long-term cannabis use, it seems that when cannabis consumption is started
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at a young (teen or preteen) age, it may be prudent to exercise more caution, although current data
are far from clear. Both a greater vulnerability to schizophrenia as well as claims of possible
permanent cognitive damage have been reported in such young “starters.” Finally, the dramatic
progress which has been made over the last decade in unraveling the mechanisms by which the
cannabinoids affect brain function, both as a healing agent and as a detrimental factor. will open
new avenues for their medical application and for understanding the impact of cannabis use in
neuropsychiatry.
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CHAPTER 15

Marihuana: Clinical
Aspects

LESTER GRINSPOON, JAMES B.
BAKALAR, AND ETHAN RUSSO

The present generation of young people cannot remember
when marihuana was an exotic weed with an aura of myth-
ical power and mysterious danger. Although still illegal,
it has become a commonplace part of the American social
scene, used regularly by millions and occasionally used
by millions more. A realistic view of this drug is now both
more important and easier to achieve.

The use of marjhuana reached a high point in the late
1970s and early 1980s, declined until the early 1990s, than
began to rise slightly. In a 1978 National Institute on Drug
Abuse (NIDA) survey, 37% of high school seniors said
that they had smoked marihuana in the past 30 days. In
1989, that number fell to 17%, but by 2001, it had risen
again to 22% (1). Trends at ages 18 to 25 years are similar.
In 1969, 20% of high school seniors had used marihuana at
least once; in 1979, 60% had; in 1989, 44%:; and in 1994,
38%. Use in the past year reached a low of 22% in 1992
and rose to 30% in 1994. The perceived risk of regular
marihuana use has also fallen slightly. In 1978, 35% of
high school seniors said it was very risky; in 1986, 71%;
in 1992, nearly 80%; in 1994, closer to 60%; and in 2001
it was 53% (2).

HISTORY

The earliest record of human cannabis use is a description
of the drug in a Chinese compendium of medicines, the
Herbal of Emperor Shen Nung, dated 2737 B.C. according
to some sources, and 400 to 500 B.C. according to others.
Marihuana was a subject of controversy even in ancient
times. Some warned that the hemp plant lined the road to
Hades, whereas others thought it led to paradise. Its intox-
icating properties were known in Europe during the nine-
teenth century, and for a much longer time in South and
Central America; thousands of tons of Indian hemp (the
common name of the Cannabis sativa plant from which
the drug is obtained) were produced for its commercially
useful long bast fiber beginning in Jamestown, Virginia,
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in 1611. Nevertheless, during the early American history
of cannabis, nothing was known of its intoxicating prop-
erties.

In 1857, Fitz Hugh Ludlow (3), largely influenced by
those members of the French romantic literary movement
who belonged to Le Club des Haschischins, published
The Hasheesh Eater: Being Passages from the Life of
a Pythagorean and made a number of American literati
aware of cannabis’ euphoriant properties. Unlike his Eu-
ropean counterparts, Ludlow did not use hashish but,
rather, Tilden’s Solution, one of a number of proprietary
preparations of Cannabis indica (an alcoholic extract of
cannabis), which he could obtain from his local apothe-
cary. Ludlow established a link in the public mind, albeit a
very narrow segment of it, between cannabis the medicine
and cannabis the intoxicating drug. However, in the half-
century from the publication of his book to the appearance,
across the southern border, of what we now commonly call
marihuana, grass, pot, or dope (all names for the dried and
chopped flowering pistillate and staminate tops and leaves
of the hemp plant), even this limited awareness all but
completely vanished.

In any case, throughout history the principal interest
in the hemp plant has been in its properties as an agent
for achieving euphoria. In this country, it is almost in-
variably smoked, usually as a cigarette called a “joint” or
“doobie”—but elsewhere the drug is often taken in the
form of a drink or in foods such as candy. Recently, a new
technology of cannabis vaporization was developed (4-6)
that exploits the property that most of the plant’s physi-
ologically active constituents boil at a temperature below
that at which the material burns (7). Thus, it becomes prac-
tical to administer cannabis vapor via the pulmonary route
without throat or lung irritation or exposure to potential
carcinogens from smoke.

Drug preparations from the hemp plant vary widely in
quality and potency, depending on the type (there are pos-
sibly three species or, alternatively, various ecotypes of
a single species), climate, soil, cultivation, and method
of preparation. When the cultivated plant is fully ripe, a
sticky, golden yellow resin with a minty fragrance covers
its flower clusters and top leaves. The plant’s resin con-
tains the active substances, cannabinoids and essential oil
terpenoids, which are produced by the plant in glandu-
lar trichomes (7). Preparations of the drug corne in three
grades, identified by Indian names. The cheapest and least
potent, called bhang, is derived from the cut tops of un-
cultivated plants and has a low resin content. Much of
the marihuana smoked in the United States, particularly a
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few years ago, was of this grade. Ganja is obtained from
the unfertilized flowering tops and leaves of carefully se-
lected, cultivated plants, and it has a higher quality and
quantity of resin. The third and highest grade of the drug,
called charas in India, is largely made from the resin it-
self, obtained from the tops of mature plants; only this ver-
sion of the drug is properly called hashish. Hashish can
also be smoked, eaten, or drunk. Recently, more potent
and more expensive marihuana from Thailand, Hawaii,
British Columbia, and California has become available in
the United States. Some California growers have success-
fully cultivated an unpollinated plant by the early weeding
out of male plants; the product is the much sought-after
sinsemilla. Such new breeding and cultivation techniques
have raised the tetrahydrocannabinol content of marihuana
smoked in the United States over the last 20 years; although
there are some extravagant claims made about the size of
this increment, most authorities believe it has been modest
(8,9). On average, street cannabis is not much more potent
than it was in the 1960s.

The chemistry of the cannabis drugs is extremely com-
plex and not completely understood. In the 1940s, it was
determined that the active constituents are various iso-
mers of tetrahydrocannabinol. The delta-9 form (hereafter
called THC) has been synthesized and is believed to be
the primary active component of marihuana. However, the
drug’s effects probably involve other components, such as
cannabidiol, other cannabinoids, and terpenoids (7), and
also depend on the form in which it is taken. There are
more than 60 cannabinoids in marihuana and a number of
them are thought to be biologically active. This activity is
apparently mediated by the recently discovered receptors
in the brain and elsewhere in the body that are stimulated
by THC (10). This exciting discovery implied that the body
produces its own version of cannabinoids for one or more
useful purposes. The first of these cannabinoid-like neuro-
transmitters was identified in 1992 and named anandamide
(ananda is the Sanskrit word for bliss) (11). Cannabinoid
receptor sites occur not only in the lower brain but also in
the cerebral cortex and the hippocampus.

The psychic effects of the drug have been described in
a very extensive literature. Hashish long ago acquired a
lurid reputation through the writings of literary figures,
notably the group of French writers—Baudelaire, Gau-
tier, Dumas pére, and others—who formed Le Club des
Haschischins in Paris in the 1840s. Their reports, written
under the influence of large amounts of hashish, must be
largely discounted as exaggerations that do not apply to
moderate use of the drug. There is a story that hashish was
responsible for Baudelaire’s psychosis and death; the story
overlooks the fact that he had relatively little experience
with hashish, was in all probability actually writing about
his experience with laudanum, and, moreover, had been
an alcoholic and suffered from tertiary syphilis.

Bayard Taylor—the American writer, lecturer, and trav-
cler best known for his translation of Goethe’s Faust—
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wrote one of the first accounts of a cannabis experience
in terms that began to approach a clinical description. He
tried the drug in a spirit of inquiry during a visit to Egypt
in 1854. His narrative of the effects follows (12):

The sensations it then produced were. _ . physically of
exquisite lightness and airiness—mentally of a won-
derfully keen perception of the ludicrous in the most
simple and familiar objects. During the half bour in
which it lasted, I was at no time so far under its control
that I could not, with the clearest perception, study the
changes through which I passed. I noted with careful
attention the fine sensations which spread throughout
the whole tissue of my nervous fibers, each thrill help-
ing to divest my frame of its earthly and material nature,
till my substance appeared to me no grosser than the
vapors of the atmosphere, and while sitting in the calm
of the Egyptian twilight I expected to be lifted up and
carried away by the first breeze that should ruffle the
Nile. While this process was going on, the objects by
which I was surrounded assumed a strange and whim-
sical expression. ... I was provoked into a long fit of
laughter. . . . [The effect] died away as gradually as it
came, leaving me overcome with a soft and pleasant
drowsiness, from which I sank into a deep, refreshing
sleep.

Perhaps a better clinical account is that of Walter
Bromberg, a psychiatrist, who described the psychic ef-
fects on the basis of his own experience and many obser-
vations and talks with people while they were under the
influence of marihuana (13):

The intoxication is initiated by a period of anxiety
within 10 to 30 minutes after smoking, in which the
user sometimes. . . develops fears of death and anxi-
eties of vague nature associated with restlessness and
hyperactivity. Within a few minutes he begins to feel
more calm and soon develops definite euphoria; he be-
comes talkative. .. is elated, exhilarated. .. begins to
have. . . an astounding feeling of lightness of the limbs
and body. . . laughs uncontrollably and explosively. ..
without at times the slightest provocation. . . has the im-
pression that his conversation is witty, brilliant. . . . The
rapid flow of ideas gives the impression of brilliance
of thought and observation. .. [but] confusion appears
on trying to remember what was thought. . . he may
begin to see visual hallucinations. .. flashes of light
or amorphous forms of vivid color which evolve and
develop into geometric figures, shapes, human faces,
and pictures of great complexity. . . . After a longer or
shorter time, lasting up to two hours, the smoker be-
comes drowsy, falls into a dreamless sleep and awakens
with no physiologic after-effects and with a clear mem-
ory of what happened during the intoxication.

Most observers confirm Bromberg’s account as a com-
posite, somewhat exaggerated, overinclusive description
of marihuana highs. They find that the effects from smok-
ing last from 2 to 4 hours, the effects from ingestion 5 to
12 hours. For a new user, the initial anxiety that sometimes
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occurs is alleviated if supportive friends are present. The
intoxication heightens sensitivity to external stimuli, re-
veals details that would ordinarily be overlooked, makes
colors seem brighter and richer, and brings out values in
works of art that previously had little or no meaning to the
viewer. It is as though the cannabis-intoxicated adult per-
ceives the world with some of the newness, wonder, curios-
ity, and excitement of a child; the person’s world becomes
more interesting and details that had been taken for granted
now attract more attention. The high also enhances the ap-
preciation of music; many jazz and rock musicians have
said that they perform better under the influence of mari-
huana, but this effect has not been objectively confirmed.
The sense of time is distorted: 10 minutes may seem like
an hour. Curiously, there is often a splitting of conscious-
ness, so that the smoker, while experiencing the high, is
at the same time an objective observer of their own in-
toxication. The person may, for example, be afflicted with
paranoid thoughts, yet at the same time be reasonably ob-
jective about them—1laughing or scoffing at them and, in
a sense, enjoying them. The ability to retain a degree of
objectivity may explain why many experienced users of
marihuana manage to behave in a perfectly sober fashion
in public even when they are highly intoxicated.
Although the intoxication varies with psychological set
and social setting, the most common response is a calm,
mildly euphoric state in which time slows and sensitivity
to sights, sounds, and touch is enhanced. The smoker may
feel exhilaration or hilarity and notice arapid flow of ideas
with a reduction in short-term memory. Images sometimes
appear before closed eyes; visual perception and body im-
age may undergo subtle changes. It is dangerous to operate
complex machinery, including automobiles, under the in-
fluence of marihuana, because it slows reaction time and
impairs attention and coordination. There is uncertainty
as to whether some impairment persists for several hours
after the feeling of intoxication has passed (14,15).
Marihuana is sometimes referred to as a hallucinogen.
Many of the phenomena associated with lysergic acid di-
ethylamide (LSD) and LSD-type substances can be pro-
duced by cannabis, but only at very high dosage. As with
LSD, the experience often has a wave-like aspect. Other
phenomena commonly associated with both types of drugs
are distorted perception of various parts of the body, spatial
and temporal distortion, depersonalization, increased sen-
sitivity to sound, synesthesia, heightened suggestibility,
and a sense of thinking more clearly and having deeper
awareness of the meaning of things. Anxiety and para-
noid reactions are also sometimes seen as consequences
of either drug. However, the agonizingly nightmarish re-
actions that even the experienced LSD user may endure
are quite rare among experienced marihuana smokers, not
simply because they are using a far less potent drug, but
also because they have much closer and continuing con-
trol over the extent and type of reaction they wish to in-
duce. Furthermore, cannabis has a tendency to produce
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sedation, whereas LSD and LSD-type drugs may induce
long periods of wakefulness and even restlessness. Unlike
LSD, marihuana does not dilate the pupils or materially
heighten blood pressure, reflexes, and body temperature.
(On the other hand, it does increase the pulse rate, while
lowering blood pressure.) Tolerance develops rapidly with
LSD-type drugs but little with cannabis. Finally, mari-
huana lacks the potent consciousness-altering qualities of
LSD, peyote, mescaline, psilocybin, and other hallucino-
gens; it is questionable whether in the doses ordinarily
used in this country it can produce true hallucinations.
These differences, particularly the last, cast considerable
doubt on marihuana’s credentials for inclusion among the
hallucinogens.

HEALTH EFFECTS OF MARIHUANA USE

In recent years, the psychological and physical effects of
long-term use have caused most concern. Studies are often
conflicting and permit various views of marihuana’s pos-
sible harmfulness. This complicates the task of presenting
an objective statement about the issue.

Onpe of the first questions asked about any drug is
whether it is addictive or produces dependence. This ques-
tion is hard to answer because the terms addiction and de-
pendence have no agreed-to definitions. Two recognized
signs of addiction are tolerance and withdrawal symptoms;
these are rarely a serious problem for marihuana users. In
the early stages, they actually become more sensitive to the
desired effects. After continued heavy use, some tolerance
to both physiologic and psychological effects develops,
although it seems to vary considerably among individu-
als. Almost no one reports an urgent need to increase the
dose to recapture the original sensation. What is called
behavioral tolerance may be partly a matter of learning to
compensate for the effects of high doses, and may explain
why farm workers in some Third World countries are able
to do heavy physical labor while smoking a great deal of
marihuana (16).

A mild withdrawal reaction also occurs in animal exper-
iments and possibly in some human beings who take high
doses for a long time. The rarely reported mild symp-
toms are anxiety, insomnia, tremors, and chills, lasting
for a day or two. It is unclear how common this reac-
tion is; in a Jamaican study, heavy ganja users did not
report abstinence symptoms when withdrawn from the
drug. In any case, there is little evidence that the with-
drawal reaction ordinarily presents serious problems to
marihuana users or causes them to go on taking the drug. In
a recent comprehensive review, cannabis withdrawal was
seen as producing symptoms that were low level to nonex-
istent, with inconsistent onset and offset, with heteroge-
neous effects claimed with greatest support for transient
agitation, appetite change, and sleep disturbance (17). In
sum, the concept of cannabis withdrawal was considered
unproven.
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In a more important sense, dependence means an un-
healthy and often unwanted preoccupation with a drug to
the exclusion of most other things. People suffering from
drug dependence find that they are constantly thinking
about the drug, or intoxicated, or recovering from its ef-
fects. The habit impairs their mental and physical health
and hurts their work, family life, and friendships. They
often know that they are using too much and repeatedly
make unsuccessful attempts to cut down or stop. These
problems seem to afflict proportionately fewer marihuana
smokers than users of alcohol, tobacco, heroin, or cocaine.
Even heavy users in places like Jamaica and Costa Rica
do not seem to be dependent in this damaging sense. Mar-
ihuana’s capacity to lead to psychological dependence is
not as strong as that of either tobacco or alcohol. Two
experts from the University of California, San Francisco,
and the National Institute on Drug Abuse independently
compared the dependency potential of cannabis, alcohol,
nicotine, caffeine, cocaine, and heroin (18,19). Cannabis
was considered by both to carry the lowest overall risk
(Fig. 15.1).

It is often difficult to distinguish between drug use as
a cause of problems and drug use as an effect; this is es-
pecially true in the case of marihuana. Most people who
develop a dependency on marihuana would also be likely
to develop other dependencies because of anxiety, depres-
sion, or feelings of inadequacy. The original condition is
likely to matter more than the attempt to relieve it by
means of the drug. The troubled teenager who smokes
cannabis throughout the school day certainly has a prob-
lem, and excessive use of marihuana may be one of its
Symptoms.

The idea has persisted that in the long run smoking
marihuana causes some sort of mental or emotional de-
terioration. In three major studies conducted in Jamaica,
CostaRica, and Greece, researchers compared heavy long-
term cannabis users with nonusers and found no evi-
dence of intellectual or neurologic damage, no changes
in personality, and no loss of the will to work or partic-
ipate in society (20~22). The Costa Rican study showed
no difference between heavy users (seven or more mar-
ihuana cigarettes a day) and lighter users (six or fewer
cigarettes a day). Experiments in the United States show
no effects of fairly heavy marihuana use on learning,
perception or motivation over periods as long as 1 year
(23-26).

On the other side are clinical reports of a personality
change called the amotivational syndrome. Its symptoms
are said to be passivity, aimlessness, apathy, uncommu-
nicativeness, and lack of ambition. Some proposed expla-
nations are hormone changes, brain damage, sedation, and
depression. Because the amotivational syndrome does not
seem to occur in Greek or Caribbean farm laborers, some
writers suggest that it affects only skilled and educated
people who need to do more complex thinking (21,22,27).
However, there is no credible evidence that what is meant
by this syndrome is related to any inherent properties of
the drug rather than to different sociocultural adaptations
on the part of the users.

The problem of distinguishing causes from symptoms
is particularly acute here. Heavy drug users in our soci~
ety are often bored, depressed, and listless, or alienated,
cynical, and rebellious. Sometimes the drugs cause these
states of mind, and sometimes they result from personality
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characteristics that lead to drug abuse. Drug abuse can be
an excuse for failure, or a form of self-medication. Because
of these complications and the absence of confirmation
from controlled studies, the existence of an amotivational
syndrome caused by cannabis use has to be regarded as
unproved.

Much attention has also been devoted to the idea that
marihuana smoking leads to the use of opiates and other il-
licit drugs—the stepping stone hypothesis, now commonly
referred to as the gateway hypothesis, which was rejected
after extensive study by the Institute of Medicine (28) and
the Canadian Senate (29). In this country, almost everyone
who uses any other illicit drug has smoked marihuana first,
just as almost everyone who smokes marihuana has drunk
alcohol first. Anyone who uses any given drug is more
likely to be interested in others, for some of the same rea-
sons. People who use illicit drugs, in particular, are some-
what more likely to find themselves in company where
other illicit drugs are available. None of this proves that
using one drug leads to or causes the use of another. Most
marihuana smokers do not use heroin or cocaine, just as
most alcohol drinkers do not use marihuana. The metaphor
of stepping stones suggests that if no one smoked mari-
huana it would be more difficult for anyone to develop
an interest in opiates or cocaine. There is no convinc-
ing evidence for or against this. What is clear is that at
many times and places marihuana has been used without
these drugs, and that these drugs have been used without
marihuana.

Only the unsophisticated continue to believe that
cannabis leads to violence and crime. Indeed, instead of
inciting criminal behavior, cannabis may tend to suppress
it. The intoxication induces a mild lethargy that is not
conducive to any physical activity, let alone the commis-
sion of crimes. The release of inhibitions results in fantasy
and verbal (rather than behavioral) expression. During the
high, marihuana users may say and think things they would
not ordinarily say and think, but they generally do not do
things that are foreign to their nature. If they are not al-
ready criminals, they will not commit crimes under the
influence of the drug.

Does marihuana induce sexual debauchery? This pop-
ular impression may owe its origin partly to writers’ fan-
tasies and partly to the fact that users in the Middle East
once laced the drug with what they thought were aphro-
disiacs. In actuality, there is little evidence that cannabis
stimulates sexual desire or power. On the other hand, there
are those who contend, with equally little substantiation,
that marihuana weakens sexual desire. Many marihuana
users report that the high enhances the enjoyment of sexual
intercourse, and it has been an aid to tantric sexual med-
itation in India and Tibet since ancient times (30). This
appears to be true in the same sense that the enjoyment of
art and music is apparently enhanced. It is questionable,
however, whether the intoxication breaks down barriers to
sexual activity that are not already broken.
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Does marihuana lead to physical and mental degen-
eracy? Reports from many investigators, particularly in
Egypt and parts of the Orient, indicate that long-term users
of the potent versions of cannabis are, indeed, typically
passive, nonproductive, slothful, and totally lacking in am-
bition. This suggests that chronic use of the drug in its
stronger forms may have debilitating effects, just as pro-
longed heavy drinking does. There is a far more likely ex-
planation, however. Many of those who take up cannabis
in these countries are poverty stricken, hungry, sick, hope-
less, or defeated, secking through this inexpensive drug to
soften the impact of an otherwise unbearable reality. This
also applies to many of the “potheads” in the United States.
In most situations one cannot be certain which came first:
the drug, on the one hand, or the depression, anxiety, feel-
ings of inadequacy, or the seemingly intolerable life situa-
tion on the other. Numerous chronic use studies have failed
to differentiate personality differences between cannabis
users and nonusers.

There is a substantial body of evidence that moderate
use of marihvana does not produce physical or mental
deterioration. One of the earliest and most extensive stud-
ies of this question was an investigation conducted by the
British government in India in the 1890s. The investigating
agency, called the Indian Hemp Drugs Commission, inter-
viewed some 800 people—including cannabis users and
dealers, physicians, superintendents of mental asylums,
religious leaders, and a variety of other authorities—and
in 1894 published a report of more than 3,000 pages. It
concluded that there was no evidence that moderate use
of the cannabis drugs produced any disease or mental or
moral damage, or that it tended to lead to excess any more
than did the moderate use of whiskey (31,32).

In the LaGuardia study in New York City, an exam-
ination of chronic users who had averaged about seven
marihuana cigarettes a day (a comparatively high dosage)
over a long period (the mean was 8 years) showed that they
had suffered no demonstrable mental or physical decline
as a result of their use of the drug (33). The 1972 report of
the National Commission on Marihuana and Drug Abuse
(34), although it did much to demythologize cannabis,
cautioned that, of people in the United States who used
marihuana, 2% became heavy users and that these abusers
were at risk, but it did not make clear exactly what risk was
involved. Furthermore, since the publication of this report,
several controlled studies of chronic heavy use have been
completed that have failed to establish any pharmacolog-
ically induced harmfulness, including personality deteri-
oration or the development of the so-called amotivational
syndrome (21-26, 35-37). The most recent government-
sponsored review of cannabis, Marijuana and Medicine,
conducted by the Institute of Medicine, while cautious
in its summary statement, found little documentation for
most of the alleged harmfulness of this substance (28).

A common assertion made about cannabis is that it may
lead to psychosis. The literature on this subject is vast,
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and it divides into all shades of opinion. Many psychi-
atrists in India, Egypt, Morocco, and Nigeria have de-
clared emphatically that the drug can produce insanity;
others insist that it does not. One of the authorities most
often quoted in support of the indictment is Benabud of
Morocco. He believes that the drug produces a specific
syndrome called “cannabis psychosis.” His description of
the identifying symptoms is far from clear, however, and
other investigators dispute the existence of such a psy-
chosis. The symptoms said to characterize this syndrome
are also common to other acute toxic states, including, par-
ticularly in Morocco, those associated with malnutrition
and endemic infections. Benabud estimates that the num-
ber of kif (marihuana) smokers suffering from all types of
psychosis is not more than 5 in 1,000 (38); this rate, how-
ever, is lower than the estimated total prevalence of all
psychoses in populations of other countries. One would
have to assume either (a) that there is a much lower preva-
lence of psychoses other than cannabis psychosis among
kif smokers in Morocco or (b) that there is no such thing
as a cannabis psychosis and the drug is contributing little
or nothing to the prevalence rate for psychoses.

Bromberg, in a report of one of his studies, listed 31
patients whose psychoses he attributed to the toxic effects
of marihuana. Of these 31, however, 7 patients were al-
ready predisposed to functional psychoses that were only
precipitated by the drug, 7 others were later found to be
schizophrenics, and 1 was later diagnosed as a manic-
depressive (39). The Chopras in India, in examinations
of 1,238 cannabis users, found only 13 users to be psy-
chotic, which is about the usual prevalence of psychosis
in the total population in Western countries (40). In the
LaGuardia study, 9 of 77 people who were studied inten-
sively had a history of psychosis; however, this high rate
could be attributed to the fact that all those studied were pa-
tients in hospitals or institutions. Allentuck and Bowman,
the psychiatrists who examined this group, concluded that
“marihuana will not produce psychosis de novo in a well-
integrated, stable person” (41).

A 1976 article by Thacore and Shukla revived the con-
cept of the cannabis psychosis (42). The authors compared
25 people with what they call a paranoid psychosis pre-
cipitated by cannabis with an equal number of paranoid
schizophrenics. The cannabis psychotics were described
as patients in whom there had been a clear temporal rela-
tion between prolonged abuse of cannabis and the devel-
opment of a psychosis on more than two occasions. All
had used cannabis heavily for at least 3 years, mainly in
the form of bhang, the weakest of the three preparations
common in India (it is usually drunk as a tea or eaten in
doughy pellets). In comparison with the schizophrenics,
the cannabis psychotics were described as more panicky,
elated, boisterous, and communicative; their behavior was
said to be more often violent and bizarre, and their mental
processes characterized by rapidity of thought and flight of
ideas without schizophrenic thought disorder. The prog-
nosis was said to be good; the symptoms could be easily
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relieved by phenothiazines and recurrence prevented by
a decision not to use cannabis again. The syndrome was
distinguished from an acute toxic reaction by the absence
of clouded sensorium, confusion, and disorientation. Tha-
core and Shukla did not provide enough information to
justify either the identification of their 25 patients’ condi-
tions as a single clinical syndrome or the asserted relation
to cannabis use. They had little to say about the amount
of cannabis used, except that relatives of the patients re-
garded it as abnormally large; they did not discuss the
question of why the psychosis is associated with bhang
rather than the stronger cannabis preparations ganja and
charas. The meaning of “prolonged abuse on more than
two occasions” in the case of men who were constant
heavy cannabis users was not clarified, and the tempo-
ral relation between this situation and psychosis was not
specified. Moreover, the cannabis-taking habits of the con-
trol group of schizophrenics were not discussed—a serious
omission where use of bhang is so common. The patients
described as cannabis psychotics were probably a hetero-
geneous mixture, with acute schizophrenic breaks, acute
manic episodes, severe borderline conditions, and a few
symptoms actually related to acute cannabis intoxication,
mainly anxiety-panic reactions and a few psychoses of the
kind that can be precipitated in unstable people by many
different experiences of stress or consciousness change
(42).

The explanation for such psychoses is that a person
maintaining a delicate balance of ego functioning—so
that, for instance, the ego is threatened by a severe loss,
or a surgical assault, or even an alcoholic debauch—may
also be overwhelmed or precipitated into a psychotic re-
action by a drug that alters, however mildly, the person’s
state of consciousness. This concatenation of factors—a
person whose ego is already overburdened in its attempts
to manage a great deal of anxiety and to prevent distortion
of perception and body image, plus the taking of a drug
that, in some persons, promotes just these effects—may,
indeed, be the last straw in precipitating a schizophrenic
break. Of 41 first-break acute schizophrenic patients stud-
ied by Dr. Grinspoon at the Massachusetts Mental Health
Center, it was possible to elicit a history of marihuana use
in 6 (43). In 4 of the 6 patients, it seemed quite improbable
that the drug could have had any relation to the develop-
ment of the acute psychosis, because the psychosis was so
remote in time from the drug experience. Careful history
taking and attention to details of the drug experiences and
changing mental status in the remaining two patients failed
either to implicate or exonerate marihuana as a precipitant
in their psychoses.

Our own clinical experience and that of others (44) sug-
gests that cannabis may precipitate exacerbations in the
psychotic processes of some schizophrenic patients at a
time when their illnesses are otherwise reasonably well-
controlled with antipsychotic drugs. In these patients, it is
often difficult to determine whether the use of cannabis
is simply a precipitant of the psychosis or whether it is
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an attempt to treat symptomatically the earliest percep-
tions of decompensation; needless to say, the two pos-
sibilities are not mutually exclusive. There is little sup-
port for the idea that cannabis contributes to the etiology
of schizophrenia. And in one recently reported case, a
19-year-old schizophrenic woman was more successfully
treated with cannabidiol (one of the cannabinoids in mar-
thuana) than she had been with haloperidol (Haldol) (45).

A recent study from Sweden on schizophrenia is most
suspect (46). The authors examined Swedish conscripts
from 1969. This investigation seems to be an attempt to
rehabilitate an extremely criticized study of the same co-
hort published in 1987 (47), which had been thoroughty
criticized (48). In the current study, the authors claim that
based on their data, up to 13% of schizophrenia incidence
could be attributable to cannabis. This is an unsubstan-
tiated allegation, given that only 1.4% of the conscripts
that ever smoked cannabis wound up schizophrenic. Men
of such age are at the critical time in development of the
disorder. All of the eventual schizophrenics in the earlier
study were recognized to have some psychiatric issue be-
fore they entered the service!

Another recent study examined a cohort of young New
Zealanders for cannabis use versus development of adult
psychosis (49). In this brief article, “controls” smoked
cannabis zero to two times, while “cannabis users” took
the drug “three times or more” by age 15 years and con-
tinued at some unspecified rate of intake by age 18 years.
Supposedly smoking cannabis increased the incidence of
psychosis in adults, and it was more likely the earlier they
began. If cannabis were truly etiologic in the development
of psychosis, it would be reasonable to expect some dose~
response effect. That is not evident here in any respect.

Interestingly, cannabis may ameliorate certain symp-
toms of psychosis (50), including activation symptoms
and subjective complaints of depression, anxiety, insom-
nia, and pain. It is noteworthy that levels of anandamide
are elevated in the brains of schizophrenics (51).

Although there is little evidence for the existence of
a cannabis psychosis, it seems clear that the drug may
precipitate in susceptible people one of several types of
mental dysfunction. The most serious and disturbing of
these is the toxic psychosis. This is an acute state that
resembles the delirium of a high fever. It is caused by
the presence in the brain of toxic substances that inter-
fere with a variety of cerebral functions. Generally speak-
ing, as the toxins disappear, so do the symptoms of toxic
psychosis. This type of reaction may be caused by any
number of substances taken either as intended or inad-
vertent overdoses. The syndrome often includes cloud-
ing of consciousness, restlessness, confusion, bewilder-
ment, disorientation, dream-like thinking, apprehension,
fear, illusions, and hallucinations. It generally requires a
rather large ingested dose of cannabis to induce a toxic
psychosis. Such a reaction is apparently much less likely
to occur when cannabis is smoked, perhaps because not
enough of the active substances can be absorbed suffi-
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ciently rapidly, or possibly because the process of smok-
ing modifies in some yet unknown way those cannabinoids
that are most likely to precipitate this syndrome.

Some marihuana users suffer what are usually short-
lived, acute, anxiety states, sometimes with and some-
times without accompanying paranoid thoughts. The anx-
iety may reach such proportions as properly to be called
panic. Such panic reactions, although uncommon, prob-
ably constitute the most frequent adverse reaction to the
moderate use of smoked marihuana. During this reaction,
the sufferer may believe that the various distortions of bod-
ily perceptions mean that the sufferer is dying or is under-
going some great physical catastrophe, and similarly the
individual may interpret the psychological distortions in-
duced by the drug as an indication of the sufferer’s loss of
sanity. Panic states may, albeit rarely, be so severe as to
incapacitate, usually for a relatively short period of time.
The anxiety that characterizes the acute panic reaction re-
sembles an attenuated version of the frightening parts of an
LSD or other psychedelic experience—the so-called bad
trip. Some proponents of the use of LSD in psychotherapy
assert that the induced altered state of consciousness in-
volves a lifting of repression. Although the occurrence of
a global undermining of repression is questionable, many
effects of LSD do suggest important alterations in ego
defenses. These alterations presumably make new per-
cepts and insights available to the ego; some, particularly
those most directly derived from primary process, may be
quite threatening, especially if there is no comfortable and
supportive setting to facilitate the integration of the new
awareness into the ego organization. Thus, psychedelic ex-
periences may be accompanied by a great deal of anxiety,
particularly when the drugs are taken under poor condi-
tions of set and setting; to a much lesser extent, the same
can be said of cannabis.

These reactions are self-limiting, and simple reassur-
ance is the best method of treatment. Perhaps the main
danger to the user is that the user will be diagnosed as
having a toxic psychosis. Users with this kind of reaction
may be quite distressed, but they are not psychotic. The
sine qua non of sanity, the ability to test reality, remains
intact, and the panicked user is invariably able to relate the
discomfort to the drug. There is no disorientation, nor are
there true hallucinations. Sometimes this panic reaction
is accompanied by paranoid ideation. The user may, for
example, believe that the others in the room, especially
if they are not well known, have some hostile intentions,
or that someone is going to inform on the user, often to
the police, for smoking maribuana. Generally speaking,
these paranoid ideas are not strongly held, and simple re-
assurance dispels them. Anxiety reactions and paranoid
thoughts are much more likely in someone who is taking
the drug for the first time or in an unpleasant or unfamil-
iar setting, than in an experienced user who is comfort-
able with the surroundings and companions; the reaction
is very rare where marihuana is a casually accepted part
of the social scene. The likelihood varies directly with
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the dose and inversely with the user’s experience; thus,
the most vulnerable person is the inexperienced user who
inadvertently (often precisely because the inexperienced
user lacks familiarity with the drug) takes a large dose that
produces perceptual and somatic changes for which the
user is unprepared.

One rather rare reaction to cannabis is the flashback, or
spontaneous recurrence of drug symptoms while not intox-
icated. Although several reports suggest that this may oc-
cur in marihuana users even without prior use of any other
drug (43), in general, it seems to arise only in those who
have used more powerful hallucinogenic or psychedelic
drugs. There are also some people who have flashback
experiences of psychedelic drug trips while smoking mar-
ihuana; this is sometimes regarded as an extreme version
of a more general heightening of the marihuana high that
occurs after the use of hallucinogens. Many people find
flashbacks enjoyable, but to others they are distressing.
They usually fade with the passage of time. It is pos-
sible that flashbacks are attempts to deal with primary
process derivatives and other unconscious material that
has breached the ego defenses during the psychedelic or
cannabis experience.

Rarely, but especially among new users of marihuana,
there occurs an acute depressive reaction. It is generally
rather mild and transient but may sometimes require psy-
chiatric intervention. This type of reaction is most likely
to occur in a user who has some degree of underlying de-
pression; it is as though the drug allows the depression to
be felt and experienced as such. Again, set and setting play
an important part. Cannabis has been of benefit in mood
stabilization in case reports from patients with bipolar dis-
ease (52).

Most recent research on the health hazards of mari-
huana concerns its long-term effects on the body. The main
physiologic effects of cannabis are increased appetite, a
faster heartbeat, and slight reddening of the conjunctiva.
Although the increased heart rate could be a problem for
people with cardiovascular disease, dangerous physical
reactions to marihuana are almost unknown. No human
being is known to have died of an overdose. By extrapola-
tion from animal experiments, the ratio of lethal to effec-
tive (intoxicating) dose is estimnated to be on the order of
thousands to one.

Studies have examined the brain, the immune system,
the reproductive system, and the lungs. Suggestions of
long-term damage come almost exclusively from animal
experiments and other laboratory work. Observations of
marihuana users and the Caribbean, Greek, and other stud-
ies reveal little disease or organic pathology associated
with the drug (21,22,27,53).

For example, there are several reports of damaged
brain cells and changes in brain-wave readings in mon-
keys smoking marihuana, but neurologic and neuropsy-
chological tests in Greece, Jamaica, and Costa Rica found
no evidence of functional brain damage. A recent study
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of enrolled patients in the Compassionate Use Investi-
gational New Drug Program in the United States also
demonstrated no significant electroencephalograph (EEG)
or P300 changes (54). Damage to white blood cells has
also been observed in the laboratory, but again, its prac-
tical importance is unclear. Whatever temporary changes
marthuana may produce in the immune system, they have
not been found to increase the danger of infectious disease
or cancer. If there were significant damage, we might ex-
pect to find a higher rate of these diseases among young
people beginning in the 1960s, when marihuana first be-
came popular. There is no evidence of that. Recent stud-
ies in human immunodeficiency virus (HIV) (55) and
in the Missoula Chronic Use Study (54) also failed to
demonstrate deleterious effects on white blood cell or CD4
counts.

The effects of marihuana on the reproductive system are
a more complicated issue. In men, a single dose of THC
lowers sperm count and the level of testosterone and other
hormones. Tolerance to this effect apparently develops; in
the Costa Rican study, marihuana smokers and controls
had the same testosterone levels. Although the smokers
in that study began using marihuana at an average age of
15 years, it had not affected their masculine development.
There is no evidence that the changes in sperm count and
testosterone produced by marihuana affect sexual perfor-
mance or fertility.

In animal experiments, THC has also been reported
to lower levels of female hormones and to disturb the
menstrual cycle. When monkeys, rats, and mice are ex-
posed during pregnancy to amounts of THC equivalenttoa
heavy human smoker’s dose, stillbirths and decreased birth
weight are sometimes reported in their offspring. There are
also reports of low birth weight, prematurity, and even a
condition resembling the fetal alcohol syndrome in some
children of women who smoke marihuana heavily during
pregnancy. The significance of these reports is unclear be-
cause controls are lacking and other circumstances make
it hard to attribute causes. No endocrine changes were ob-
served in the Missoula Chronic Use Study (54). To be safe,
pregnant and nursing women should follow the standard
conservative recommendation to avoid all drugs, including
cannabis, that are not absolutely necessary. Nonetheless,
evidence from a well-controlled study of cannabis-only
smokers in Jamaica are supportive of a low risk to their
children (56).

A well-confirmed danger of long-term, heavy mari-
huana use is its effect on the lungs. Smoking narrows
and inflames air passages and reduces breathing capacity;
damage to bronchial cells has been observed in hashish
smokers. The possible side effects include bronchitis, em-
physema, and lung cancer. Interestingly, one study failed
to demonstrate emphysematous degeneration in cannabis
smokers over time (57). Marihuana smoke contains the
same carcinogens as tobacco smoke, usually in some-
what higher concentrations, at least in cannabis supplied
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by NIDA. THC may actually interfere with a key bio-
chemical step in carcinogenesis (58). Marihuana is also
inhaled more deeply and held in the lungs longer, which
increases the danger (59,60). On the other hand, almost no
one smokes 20 marihuana cigarettes a day. Marihuana of
higher potency may reduce the danger of respiratory dam-
age, because less smoking is required for the desired effect.
There is now some experimental evidence demonstrating
that high-potency THC cigarettes are smoked less vigor-
ously than those of low potency; the user takes smaller and
shorter puffs, inhaling less with each puff (61). Vaporiza-
tion technology may also reduce risks (62).

It is hard to generalize about abuse or define specific
treatments, because the problems associated with mari-
huana are so vague, and cause and effect so hard to de-
termine. Marihuana smokers may be using the drug as a
facet of adolescent exploration, to demonstrate rebellious-
ness, to cope with anxiety, to medicate themselves for early
symptoms of mental illness, or, most commonly, simply
for pleasure.

The complexity of the problem is illustrated by a most
important long-term study by two Berkeley psychologists
(63). Shedler and Block followed the progress of 101 San
Francisco children of both sexes from ages 5 to 18 years,
and gave them personality tests at 7, 11, and 18 years of
age. By the end of the study, 68% had used marihuana
and 39% had used it once a week or more; large minori-
ties had also used cocaine, hallucinogens, and prescription
stimulants and sedatives. Three main groups could be dis-
tinguished: 29 “abstainers” who had used no illicit drugs;
36 “experimenters” who had used marihuana no more than
once a month and had tried at most one other drug; and 20
“frequent users” who had smoked marihuana at least once
a week and had used at Ieast one other drug. The other 16
fit into none of these categories and were not included in
the study.

Striking personality differences among the three groups
appeared in childhood, long before any drug use. The fre-
quent users, as early as age 7 years, got along poorly with
other children and had few friends. They found it difficult
to think ahead and lacked confidence in themselves. They
were untrustworthy and seemingly indifferent to moral
questions. At age 11 years they were described as inat-
tentive, uncooperative, and vulnerable to stress. At age
18 years, they were insecure, alienated, impulsive, unde-
pendable, self-indulgent, inconsiderate, and unpredictable
in their moods and behavior; they overreacted to frustra-
tion; they felt personally inadequate, as well as victimized
and cheated. They had lower high school grades than ado-
lescents in the other two groups.

Abstainers, at age 7 years, were described as inhibited,
conventional, obedient, and lacking in creativity. At age
11 years they were shy, neat, and orderly, eager to please,
but lacking in humor, liveliness, and expressiveness. The
terms that best described them at age 18 years were tense,
overcontrolled, moralistic, anxious, and lacking in social
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ease or personal charm. Their high school grades were
average.

The happy mean, statistically, was found in the “ex-
perimenters.” They were more likely to be warm, respon-
sive, curious, open, active, and cheerful from the age of
7 years on. In the three broad categories of personal hap-
piness, relations with others, and rational self-control, fre-
quent users were doing worst and experimental users best.
The authors pointed out that studies comparing moderate
drinkers with alcoholics and abstainers have found similar
personality differences.

To find some sources of these differences, the authors
examined experiments conducted when the children were
only 5 years old. Their parents’ behavior was observed as
they worked with the child on a laboratory task involv-
ing blocks and mazes. Mothers of both frequent users and
abstainers tended to be cold and unresponsive. They gave
their children little encouragement but insisted that they
perform well; and the experience seemed unpleasant for
both mother and child. Fathers of frequent users did not
differ from fathers of experimenters, but abstainers’ fa-
thers were impatient, hypercritical, and domineering.

According to the authors, frequent drug users believe
that they have nothing to ook forward to and are therefore
drawn to the immediate gratification provided by drugs.
Their alienation and impulsiveness might have roots in
their relationship with their mothers. The problems of ab-
stainers are also serious, but they attract less attention,
because they are less troublesome for society. Abstainers
suppress their impulses to avoid feeling vulnerable, per-
haps because they have internalized the attitudes of harsh,
authoritarian fathers. Experimental users are the largest
and most typical group. At least in the San Francisco area
in the 1980s, reasonably inquisitive, open, and indepen-
dent adolescents experimented with marihuana as part of
growing up.

The inverted U-shaped relationship between the degree
of drug use and psychological health suggests that the need
for therapy would also describe such a curve. The fact
that among the abstainers are to be found many individ-
uals who could profit from psychotherapy is not relevant
to this discussion of marihuana. The important question
concerns the indications for therapy for those who com-
prise the other two arms of the curve. Given the current
prevalence of drug use in our society, the developmen-
tally appropriate propensity of adolescents to explore and
experiment, and the relatively benign sequelae of such ex-
perimentation with cannabis, it is obvious that therapy is
not properly indicated for young people who fit the de-
scription of the “experimenter.”

It is appropriate to consider psychotherapy for the fre-
quent adolescent users of marihuana. The picture that
emerges is “one of a troubled adolescent who is interper-
sonally alienated, emotionally withdrawn, and manifestly
unhappy, and who expresses his or her maladjustment
through undercontrolled, overtly antisocial behavior”
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(63). They are described as being “overreactive to mi-
nor frustrations, likely to think and associate to ideas in
unusual ways, having brittle ego-defense systems, self-
defeating, concerned about the adequacy of their bodily
functioning, concerned about their adequacy as persons,
prone to project their feelings and motives onto others,
feeling cheated and victimized by life, and having fluctu-
ating moods.”

Obviously, psychotherapy is not inappropriate for indi-
viduals who exemplify this description. But it should be
emphasized that this is not psychotherapy for marihuana
abuse; it is therapy for the underlying psychopathology,
one of whose symptoms is the abuse of cannabis. It is
no more appropriate to see marihuana as the cause of the
problem here than it is to see repetitive hand-washing as
the cause of obsessive-compulsive disorder. The individ-
ual may be brought to psychiatric attention because of the
hand-washing, but the therapy will address the underlying
disorder. Becoming attached to cannabis is not so much a
function of any inherent psychopharmacologic property of
the drug as it is emotionally driven by the underlying psy-
chopathology. Success in curtailing cannabis use requires
dealing with that pathology.

MEDICINAL USES OF CANNABIS

Cannabis usage as a medicament is ancient, and it has
included indications for headache (64,65), other types of
pain (66), obstetric and gynecologic conditions (67), and
psychiatric disorders (68,69).

The history of cannabis as a Western medicine begins
in 1839, with a publication by W. B. O’Shaughnessy, a
British physician working in Calcutta (70). He reported on
the analgesic, anticonvuisant, and muscle relaxant proper-
ties of the drug. His paper generated a good deal of interest,
and there followed more than 100 other papers in the West-
ern medical literature from 1840 to the turn of the century.
In the nineteenth century the drug was widely prescribed
in the Western world for various ailments and discomforts,
such as coughing, fatigue, rheumatism, asthma, delirium
tremens, migraine headache, and painful menstruation. Al-
though its use was already declining somewhat because of
the introduction of synthetic hypnotics and analgesics, it
remained in the United States Pharmacopoeia until 1941.
The difficulties imposed on its use by the Marihuana Tax
Act of 1937, as well as quality-control issues with un-
certain supplies, completed its medical demise, and, from
that time on, physicians allowed themselves to become
ignorant about the drug.

The greatest advantage of cannabis as a medicine is
its unusual safety. The ratio of lethal dose to effective
dose is estimated on the basis of extrapolation from ani-
mal data to be about 20,000:1. Huge doses have been given
to dogs without causing death, and there is no reliable ev-
idence of death caused by cannabis in a human being.
Cannabis also has the advantage of not disturbing any
physiologic functions or damaging any body organs when
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itisused in therapeutic doses. It produces little physical de-
pendence or tolerance; there has never been any evidence
that medical use of cannabis has led to habitual use as an
intoxicant.

Whole cannabis preparations have the disadvantages
of instability, varying strength, and insolubility in water,
which makes it difficult for the drug to enter the blood-
stream from the digestive tract. The multitude of ingredi-
ents found in cannabis is also an opportunity, because it
suggests the manufacture of different cannabinoids, syn-
thetic or natural, with properties useful for particular pur-
poses; some of these have now become available (66,71).
One that is presently legally available for the treatment of
nausea and vomiting of cancer chemotherapy and the ac-
quired immune deficiency syndrome (AIDS) weight loss
syndrome is dronabinol (Marinol), a synthetic THC. While
it is not as useful medicinally as whole smoked marihuana,
it is legally available as a Schedule III drug. Smoking
generates quicker and more predictable results because it
raises THC concentration in the blood more easily and
predictably to the needed level. Also, it may be hard for a
nauseated patient in chemotherapy to take oral medicine.
But many patients dislike smoking or cannot inhale (69).
Alternative-dosing approaches are discussed in several
references (4,72-75).

There are many anecdotal reports of marihuana smokers
using the drug to reduce postsurgery pain, headache, mi-
graine, menstrual cramps, phantom limbs, and other kinds
of pain. It is the case that cannabis acts by mechanisms
different from those of other analgesics through the endo-
cannabinoid pain mechanisms (66), and that cannabis may
be more effective than opiates in neuropathic pain states.
Again, some new synthetic derivatives might prove useful
as an analgesic, but this is not an immediate prospect.

Because of reports that some people use less alcohol
when they smoke marihuana, cannabis has been proposed
as an adjunct to alcoholism treatroent, but so far it has not
been found useful (76-78). Most alcoholics neither want
to substitute marihuana nor find it particularly helpful.
But there might be some hope for use of marihuana in
combination with disulfiram (Antabuse) (76). Certainly a
cannabis habit would be preferable to an alcohol habit for
anyone who could not avoid dependence on a drug but
who was able to substitute one drug for another.

Approximately 20% of epileptic patients do not get
much relief from conventional anticonvulsant medica-
tions. Cannabis has been explored as an alternative, at
least since a case was reported in which marihuana smok-
ing, together with the standard anticonvulsants phenobar-
bital and diphenylhydantoin (Dilantin), was apparently
necessary to control seizures in a young epileptic man (79).
Recent reports support the role of THC endocannabinoids
in modulation of seizure threshold (80,81). Cannabidiol
also demonstrates anticonvulsant properties (7,82). In one
controlled study, cannabidiol in addition to prescribed
anticonvulsants produced improvement in seven patients
with grand mal seizures; three showed great improvement.
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Of eight patients who received a placebo instead, only one
improved (83).

Marihuana also reduces muscle spasm and tremors in
some people who suffer from spastic disorders, includ-
ing multiple sclerosis (84,85), cerebral palsy, and various
causes of hemiplegia and quadriplegia, such as spinal cord
injury or disease. Anecdotal reports of the use of cannabis
for the relief of asthma abound. The antiasthmatic drugs
that are available all have drawbacks—limited effective-
ness or side effects. Because marihuana dilates the bronchi
and reverses bronchial spasm, cannabis derivatives have
been tested as antiasthmatic drugs. Smoking marihuana
would probably not be a good way to treat asthma be-
cause of chronic irritation of the bronchial tract by tars
and other substances in marihuana smoke, so recent re-
search has sought a better means of administration. THC
in the form of an aerosol spray has been investigated ex-
tensively (59,60). Other cannabinoids, such as cannabi-
nol and cannabidiol, may be preferable to THC for this
purpose. An interesting finding for future research is that
cannabinoids may affect the bronchi by means of a dif-
ferent mechanism from that of the familiar antiasthmatic
drugs. A promising new medical use for cannabis is treat-
ment of glaucoma, the second leading cause of blindness
in the United States. About a million Americans suffer
from the form of glaucoma (wide angle) treatable with
cannabis. Marihuana causes a dose-related, clinically sig-
nificant drop in intraocular pressure that lasts several hours
in both normal subjects and in those with the abnormally
high ocular tension produced by glaucoma. Oral or intra-
venous THC has the same effect, which seems to be spe-
cific to cannabis derivatives rather than simply a result of
sedation. Cannabis does not cure the disease, but it can re-
tard the progressive loss of sight when conventional med-
ication fails and surgery is too dangerous (86). A recent
comprehensive review supports the use of cannabinoids as
antioxidant protective agents in the development of vas-
cular retinopathy of glaucoma, a process independent of
intraocular pressure (87).

It remains to be seen whether topical use of THC or
a synthetic cannabinoid in the form of eyedrops will be
preferable to smoking marihuana for this purpose. So far
THC eyedrops have not proved effective, and in 1981, the
National Eye Institute announced that it would no longer
approve human research using these eyedrops (76). Stud-
ies continue on certain synthetic cannabis derivatives and
other natural cannabinoids (87). Smoking marihuana is a
better way of titrating the dose than is the taking of an oral
cannabinoid, and most patients seem to prefer it. Unfortu-
nately, many patients, especially elderly ones, dislike the
psychoactive effects of marihuana.

Cannabis derivatives have several minor or speculative
uses in the treatment of cancer, and one major use. As ap-
petite stimulants, marihuana and THC may help to slow
weight loss in cancer patients (88), as they have in AIDS
patients (55). THC has also retarded the growth of tumor
cells in some animal studies, but results are inconclusive,
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and another cannabis derivative, cannabidiol, seems to in-
crease tumor growth (89). Possibly cannabinoids in com-
bination with other drugs will turn out to have some use
in preventing tumor growth. THC may promote apopto-
sis (programmed cell death) in some malignant cells (90).
Limonene, a monoterpenoid component of cannabis resin,
has similar activity on breast tumor cells (91). But the most
promising use of cannabis in cancer treatment is the pre-
vention of nausea and vomiting in patients undergoing
chemotherapy. About half of patients treated with anti-
cancer drugs suffer from severe nausea and vomiting. In
25% to 30% of these cases, the commonly used antiemet-
ics do not work (69). The nausea and vomiting are not
only unpleasant, but are a threat to the effectiveness of the
therapy. Retching can cause tears of the esophagus and rib
fractures, prevent adeguate nutrition, and lead to fluid loss.

The antiemetics most commonly used in chemother-
apy are prochlorperazine (Compazine) and the newer on-
dansetron (Zofran) and granisetron (Kytril). The sugges-
tion that cannabis might be useful arose in the early 1970s
when some young patients receiving cancer chemother-
apy found that marihuana smoking, which was, of course,
illegal, reduced their nausea and vomiting. In one study
of 56 patients who got no relief from standard antiemetic
agents, 78% became symptom free when they smoked
marihuana (92). Previously unpublished state studies of
smoked cannabis have demonstrated 70% to 100% relief
of vomiting in some 748 chemotherapy patients (93).

Several of the most urgent medical uses of cannabis are
for the treatment of the nausea and weight loss suffered by
many AIDS patients. The nausea is often a symptom of the
disease itself and a side effect of some of the medicines
(particularly azidothymidine [zidovudine or AZT]). For
many AIDS patients the most distressing and threatening
symptom is cachexia. Marihuana will retard weight loss
in most patients and even helps some regain weight (69).

A committee of the Institute of Medicine of the National
Academy of Sciences remarked in a report in 1982 (28,
p- 139):

Cannabis shows promise in some of these areas, al-
though the dose necessary to produce the desired ef-
fect is often close to one that produces an unacceptable
frequency of toxic [undesirable] side effects. What is
perhaps more encouraging. . . is that cannabis seems
to exert its beneficial effects through mechanisms that
differ from those of other available drugs. This raises
the possibility that some patients who would not be
helped by conventional therapies could be treated with
cannabis. . .. It may be possible to reduce side effects
by synthesizing related molecules that could have a
more favorable ratio of desired to undesired actions;
this line of investigation should have a high priority.

The committee recommended further research, especially
in the treatment of nausea and vomiting in chemotherapy,
asthma, glaucoma, and seizures and spasticity.

Under federal and most state statutes, marihuana is
listed as a Schedule I drug: high potential for abuse, no
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currently accepted medical use, and lacking in accepted
safety for use under medical supervision. It cannot ordi-
narily be prescribed and may be used only under research
conditions. Cannabis was recently legalized for medical
use in Canada and Holland, and liberalization of laws is
proceeding in the United Kingdom and elsewhere in West-
ern Europe.

The potential of cannabis as a medicine is yet to be
realized, partly because of its reputation as an intoxicant,
ignorance on the part of the medical establishment, and le-
gal difficulties involved in doing the research (94). Recre-
ational use of cannabis has affected the opinions of physi-
cians about its medical potential in various ways. When
marihuana was regarded as the drug of African Ameri-
cans, Mexican Americans, and Bohemians, doctors were
ready to go along with the Bureau of Narcotics, ignore
its medical uses, and urge prohibition. For years the Na-
tional Organization for the Reform of Marijuana Laws
and other groups have been petitioning the government
to change this classification. Now that marihuana has be-
come so popular among a broad section of the population,
we have been more willing to investigate its therapeutic
value. Recreational use now spurs medical interest instead
of medical hostility.

Itis estimated that more than 70 million Americans have
used cannabis and more than 10 million use it regularly.
They use it not because they are driven by uncontrollable
“reefer madness” craving, as some propaganda would lead
us to believe, but because they have learned its value from
experience. Yet almost all of the research, writing, politi-
cal activity, and legislation devoted to marihuana has been
concerned only with the question of whether it is harm-
ful and how much harm it does. The only exception is
the growing resurgence of interest in its usefulness as a
medicine. But medicine represents only one category of
marihuana use. The rest are sometimes grouped under the
general heading of “recreational,” but that is hardly an ap-
propriate word to describe the many serious reasons for
which people have learned to use cannabis. For example,
many writers and artists have found that the cannabis high
can be a catalyst to their creativity (95). Allen Ginsberg,
writing while stoned, eloquently put it this way: . .. the
marihuana consciousness is one that, ever so gently, shifts
the center of attention from habitual shallow purely verbal
guidelines and repetitive secondhand ideological interpre-
tations of experience to more direct, slower, absorbing, oc-
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Abstract

The number of activated microglia increase during normal aging. Stimulation of endocannabinoid receptors can reduce the number of
activated microglia, particularly in the hippocampus, of young rats infused chronically with lipopolysaccharide (LPS). In the current study we
demonstrate that endocannabinoid receptor stimulation by administration of WIN-55212-2 (2 mg/kg day) can reduce the number of activated
microghia in hippocampus of aged rats and attenuate the spatial memory impairment in the water pool task. Our resulis suggest that the
action of WIN-55212-2 does not depend upon a direct effect upon microglia or astrocytes but is dependent upon stimulation of neuronal
cannabinoid receptors. Aging significantly reduced cannabinoid type ! receptor binding but had no effect on cannabinoid receptor protein
levels. Stimulation of cannabinoid receptors may provide clinical benefits in age-related diseases that are associated with brain inflammation,

such as Alzheimer’s disease.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Microglial cells play a pivotal role as immune effectors in
the central nervous system and may participate in the ini-
tiation and progression of neurological disorders, such as
Alzheimer’s disease (AD), Parkinson’s disease and multi-
ple sclerosis by releasing cytotoxic proteins, reactive oxygen
species or complement (Akiyama et al., 2000; Kim and de
Vellis, 2005). Recent evidence suggests that the aging process
induces morphological changes in microglia (Streit, 2006),
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and treatment with NSAIDs does not reduce microglia acti-
vation in old rats, in contrast to their effectiveness in young
rats (Hauss-Wegrzyniak et al., 1999), thus raising the pos-
sibility of microglial senescence (Perry et al., 1993; Streit,
2006).

The endocannabinoid system may regulate many aspects
of the brain’s inflammatory response, including the release
of pro-inflammatory cytokines and modulation of microglial
activation (Klein, 2005; Marchalant et al., 2007). The endo-
cannabinoid system is comprised of two G-protein-coupled
receptors designated as CB1 and CB2 (Pertwee, 2005);
although not all endocannabinoid effects can be explained
only by these two receptors (Begg et al, 2005). CBI
receptors are expressed in the brain and are responsible for
most of the behavioral effects of exogenous cannabinoids
(Pertwee, 2005; Tsou et al., 1998). CB2 receptors are
expressed by immune and hematopoietic cells peripherally
(Begg et al., 2005), and may be expressed on neurons in
the brainstem and the brain (Benito et al., 2003; Gong
et al., 2006; Onaivi et al., 2006; Van Sickle et al., 2005)
although their presence in the brain is controversial (Munro
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et al., 1993). Two endogenous ligands for these receptors,
arachydonylethanolamine  and  2-arachidonoylglycerol
(Stella, 2004), influence immune responses by inhibiting
cytokine release and other anti-inflammatory actions (Klein
et al., 2003; Klein, 2005). In vitro, microglia expresses CB
receptors and release cytokines in response to exposure
to LPS or beta-amyloid protein (Facchinetti et al., 2003;
Ramirez et al., 2005; Sheng et al., 2005). Astrocytes may
also synthesize and release endocannabinoids (Walter et
al., 2002). Although stimulation of CB1 receptors, e.g. by
administration of A%-tetrahydrocannabinol, can impair per-
formance in rats, mice or monkeys (Castellano et al., 2003),
we previously demonstrated that stimulation of the CB1/2
receptors using a low dose of (R)-(+)-[2,3-dihydro-5-methyl-
3-(4-morpholinylmethyl)-pyrrolo[1,2,3-de}-1,4benzoxazin-
6-yl}-1-naphthalenyl-methanone mesylate (WIN-55212-2)
significantly reversed the LPS-induced microglia activation
in young rats without attenuating the neuroinflammation-
induced performance impairment observed in the water pool
task (Marchalant et al., 2007). Because normal aging is
associated with increased levels of microglial activation, in
the current study, we investigated for anti-inflammatory and
memory enhancing effects of CB1/2 receptor stimulation in
normal aged rats.

2. Methods
2.1. Subjects and surgical procedures

Eighteen young (3 months old) and 24 old (23 months
old) male F-344 rats (Harlan Sprague-Dawley, Indianapolis,
IN) were singly housed in Plexiglas cages with free access
to food and water. The rats were maintained on a 12/12-h
light—dark cycle in a temperature-controlled room (22 °C)
with lights off at 08:00. All rats were given health checks,
handled upon arrival and allowed at least 1 week to adapt to
their new environment prior to surgery.

WIN-55212-2 (Sigma, St. Louis, MO, 0.5 or 2 mg/kg day,
n=28) or the vehicle (dimethylsulfoxide (100%) DMSO
Sigma, St. Louis, MO, n=14) were chronically infused
for 21 days subcutaneously using an osmotic minipump
(Alzet, Cupertino, CA, model 2MLA, to deliver 2.5 pl/h).
Rats were assigned to one of the following six groups:
young + vehicle (n=6), old + vehicle (n=8), young+ WIN
0.5mg/kgday (n=6), old+WIN 0.5mgkgday (n=8),
young+WIN 2mg/kgday (n=6), old+WIN 2 mg/kgday
(n=28). Behavioral testing began on day 14 post surgery.

2.2. Water pool testing

Spatial learning ability was assessed using a 170 cm diam-
eter water maze with grey walls. The water was maintained at
26-28 °C. The pool was in the center of a room with multiple
visual stimuli on the wall as distal cues, and a chair and a metal
board against the wall of the pool as proximal cues. The cir-

cular escape platform was 10 cm in diameter. For the spatial
(hidden-platform) version of the water task, a circular escape
platform was present in a constant location, submerged about
2.5 cm below the water surface. The rats were tracked using
Noldus Ethovision 3.1 tracking and analysis system (Noldus,
Leesburg, VA).

Each rat performed three training blocks per day (two
training trials per block) for 4 days (24 trials total), with a 60-
min inter-block interval. On each trial, the rat was released
into the water from one of seven locations spaced evenly
at the side of the pool, which varied randomly from trial to
trial. After the rat found the escape platform or swam for
a maximum of 60s, it was allowed to remain on the plat-
form for 30 s. To control for possible drug-induced deficits in
visual acuity and swimming ability, the same rats were also
tested on a second version of this task. In this version, a vis-
ible platform raised 2 cm above the surface of the water was
moved randomly to one of four locations in the tank after each
trial. A total of four visible-platform trials were performed.
The results were analyzed by ANOVA followed by post hoc
comparisons according to the method of Fisher.

2.3. Histological procedures

After behavioral testing was completed, each rat was
deeply anesthetized with isoflurane and prepared for a tran-
scardiac perfusion of the brain with cold saline containing
1 U/ml heparin, followed by 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. The brains were then post-fixed 1 h
in the same fixative and then stored (4 °C) in phosphate buffer
saline (PBS), pH 7.4. Free-floating coronal sections (40 pm)
were obtained using a vibratome from perfused tissues for
staining with standard avidin/biotin peroxidase or fluores-
cence labeling methods. The monoclonal antibody OX-6
(final dilution 1:400, Pharmigen, San Diego, CA) was used to
visualize activated microglia cells. This antibody is directed
against Class II major histocompatibility complex (MHC
II) antigen. After quenching endogenous peroxydase/activity
and blocking nonspecific binding, the sections were incu-
bated (4 °C) overnight with the primary antibody (OX-6).
Thereafter, the sections were incubated for 2h (22 °C) with
the secondary monoclonal antibody, rat adsorbed biotiny-
lated horse anti-mouse immunoglobulin G (final dilution
1:200, Vector, Burlingame, CA). Sections were then incu-
bated for 1h (22°C) with avidin-biotinylated horseradish
peroxydase (Vectastain, Elite ABC kit, Vector, Burlingame,
CA). After washing again in PBS, the sections were incu-
bated with 0.05% 3,3'-diaminobenzidine tetrahydrochloride
(Vector, Burlingame, CA) as chromogen. The reaction was
stopped by washing the section with PBS. No staining
was detected in the absence of the primary or secondary
antibodies. Sections were mounted on slides, air-dried and
coverslipped with cytoseal (Allan Scientific, Kalamazoo, MI)
mounting medium. The location of immunohistochemically
defined cells was examined by light microscopy. Quantifica-
tion of cell density in the reconstructed hippocampal coronal
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sections was assessed with MetaMorph imaging software
(Universal Image Corporation, West Chester, PA). Briefly,
areas of interest were determined as previously reported in
detail (Rosi et al., 2005), their surface measured, and the
immunoreactive cells numerated, allowing us to determine a
number of immunoreactive cells by millimeter square in the
areas of interest.

2.4. Double immunofluorescence staining

Free floating sections were mounted on slides and
air-dried. The tissues were then processed as described pre-
viously (Rosi et al., 2005). Briefly, after washing in TBS
solution the polyclonal rabbit anti-CB1 (Sigma, St. Louis,
MO, dilution 1:500) was applied. After 24 h of incuba-
tion at 4 °C, the sections were incubated for 2h at room
temperature with the secondary anti-rabbit biotinylated anti-
body (Vector, Burlingame, CA), followed by incubation with
Avidin + Biotin amplification system (Vector, Burlingame,
CA) for 45min. The staining was visualized using the
TSA fluorescence system CY3 (Perkin-Elmer Life Sciences,
Emeryville, CA). After washing in TBS solution, the tis-
sues were quenched and blocked again and incubated with
either of the following: a monoclonal antibody to MHC-II
(OX-6, Pharmigen, San Diego, CA, final dilution 1:400), the
monoclonal antibody anti-GFAP (Chemicon, Temecula, CA,
final dilution 1:500), the monoclonal antibody anti-neuronal
nuclei (Chemicon, Temecula, CA, final dilution 1:500), the
monoclonal antibody OX-42 (BD Pharmingen, San Jose, CA
final dilution 1:400) or the monoclonal antibody NMDA-
R1 (Chemicon, Temecula, CA, final dilution 1:250) for 24 h
at 4 °C. Before applying the biotinylated monoclonal sec-
ondary rat absorbed antibody (Vector, Burlingame, CA) for
2h, the tissue was incubated with Avidin Biotin Blocking
Kit (Vector, Burlingame, CA) for 30min to block cross-
reaction with the primary staining. Following treatment with
an Avidin + Biotin amplification system (Vector, Burlingame,
CA), the staining was visualized with a TSA fluorescence sys-
temn CY5 (Perkin-Elmer Life Sciences, Emeryville, CA) and
the nuclei were counterstained with Sytox-Green (Molecular
Probes, Eugene, OR). No staining was detected in the absence
of the primary or secondary antibodies.

2.5. Western blots

Western immunoblotting was carried out as described
in Giovannini et al. (2001). Briefly, rats were sacrificed,
areas of interest microdissected and transferred to ice-cold
microcentrifuge tubes and kept at —70°C until use. On
experiment day, tissues were homogenized on ice directly
into the Eppendorf tube (20 strokes, 1 stroke/s) using the
lysis buffer (composition (mM): 50 Tris—-HCl, pH 7.5,
50 NaCl, 10 EGTA, 5 EDTA, 2 sodium pyrophosphate,
4 para-nitrophenylphosphate, 1 sodium orthovanadate, 1
phenylmethylsulfonyl fluoride (PMSF), 20 pg/ml leupeptin
and 30 pg/ml aprotinin, 0.1% SDS). Immediately after

homogenization the quantity of protein was determined using
Bio-Rad Protein Assay reagent (Bio-Rad, Hercules, CA,
USA). An appropriate volume of 2 x loading buffer was
added to the homogenates, and samples were boiled for 5 min.
Samples (40 pg of proteins per well) were loaded onto a
10% SDS-PAGE gel and resolved by standard electrophore-
sis. The proteins were then transferred electrophoretically
onto nitrocellulose membrane (Hybond-C extra; Amersham,
Arlington Heights, IL, USA) using a transfer tank kept at
4°C, with a constant current of 12 mA. Membranes were
blocked for 1h at room temperature with a blocking buffer
(BB, 5% non-fat dry milk in TBS containing 0.05% Tween
20, TBS-T), then probed for 2h at room temperature using
primary antibody for CB1 (rabbit polyclonal, 1:500; Sigma,
Saint-lonis, MO, USA). After washing in TBS-T (three
washes, 15 min each), the membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit IgG (1:7500;
Pierce, Rockeford, Hlinois, USA), and proteins were visu-
alized using chemiluminescence (Super Signal West Pico
Chemioluminescent Substrate, Pierce, Rockeford, Hlinois,
USA). In order to normalize the values of CB1, we used
actin. Membranes were stripped by Restore Western Blot
Stripping Buffer (Pierce, Rockeford, Illinois, USA) (15 min,
room temperature), blocked in BB for 1h at room tempera-
ture and probed for 2 h at room temperature using antibodies
for actin (1:10,000; NEB), incubated in the secondary anti-
body and developed. All primary antibodies were dissolved
in BB, while secondary antibodies were dissolved in TBS-T.
After development of the film, the bands were acquired as
TIFF files, and the density of the bands was quantified by
a densitometric analysis performed using Quantity One for
Windows (Biorad, Beverly, MA, USA) software. CB1 val-
ues were expressed as percentage of actin run in the same
Western blot analysis.

2.6. [FH] SR141716A in vitro binding

Each rat was briefly anesthetized using isoflurane gas
and then quickly sacrificed by decapitation. The brains were
quickly removed and bilateral samples of hippocampus were
dissected as described previously (Wenk and Barnes, 2000)
and quickly frozen on dry ice and then stored (@ —70°C)
until assayed for [°H] SR141716A binding to CB1 receptors
according to the method of Steffens et al. (2005). Membrane
fractions were prepared from the tissues by Homogenization
in 10volumes of the following buffer (S0mM Tris—HCI,
1.0mM EGTA, 3 mM MgCl,, 0.1% bovine serum albumin,
pH 7.4), repeated centrifugation (1000 x g for 10 min @ 4°C
followed by 10,000 x g for 10min @ 4 °C). The supernatant
was discarded and the remaining pellet was resuspended
(10 vols) in the same buffer. The assays were conducted in
an incubation volume of 500 .l containing [*H] SR141716A
(4.0mM, 55 Ci/mmol, NEN) and 80-100 g of membrane
protein. Incubation was carried out at 30°C for 60 min
and terminated by dilution with 4 ml of ice-cold homog-
enizing buffer followed immediately by filtration using a
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Brandell 24-well harvester through GF/C filters that had
been presoaked in 0.03% polyethylenimine, pH 7.0. Bound
radioactivity was determined with a Tri-Carb 1800TR liquid
scintillation analyser (Packard). Specific binding was defined
as total binding minus binding in the presence of the CB;
receptor antagonist N-(piperidin-1-y1)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide
(AM251, 1 uM). Differences in the number of receptor
binding sites were analyzed by ANOVA.

3. Results

Chronic infusion of DMSO and WIN-55212-2 were well
tolerated by all rats.

3.1. Behavior

An ANOVA performed on the latency results obtained in
the water maze task revealed a significant effect of testing day
(Fs,134=20.709, p<0.0001, see Fig. 1), age (F1,196=13.4,
p<0.0001 across all days of testing), and drug treatment
(Fs,192 =16.9, p <0.0001 for days 2-4). For young rats, there
was a significant interaction between treatment and testing
day (F»381=6.691, p=0.0014). On days 2 and 3 the per-
formance of young rats given the low dose of WIN was
significantly (p <0.05) worse as compared to young rats
given the vehicle. In contrast, on day 4, the performance
of young rats given the high dose of WIN was significantly
(p <0.05) better as compared to the young rats given the vehi-
cle. For old rats, there was a significant interaction between
treatment and testing day (F2 405 = 13.999, p<0.0001). The
performance of old rats given the high dose of WIN was
significantly better (p<0.05) as compared to the old rats
given the vehicle. The performance of old rats given the
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Fig. 1. Water maze performance. During days 2 and 3, young rats receiv-
ing the 0.5mg/kg WIN dose (open circle) performed significantly worse
than rats in the other two young groups (open triangle and open square)
('p<0.05). On day 4, the young rats receiving the 2 mg/kg WIN dose (open
square) performed significantly better than the other two groups of young rats
(open triangle and circle, 'p<0.05). Old rats were significantly impaired as
compared to young rats (*p <0.05). WIN-55212-2 2 mg/kg (closed square)
improved performance of age rats (closed triangle, {p <0.05).

low dose of WIN did not differ from the old rats given the
vehicle. For young rats, WIN treatment did not impair perfor-
mance during the probe trial (platform removed, percentage
of time spent in platform quadrant: vehicle, 35% £ 3.2; WIN
0.5, 48.6% % 4; WIN 2, 38.2% =+ 8.5). For old rats, the high
WIN dose (2 mg/kg day) significantly improved performance
during the probe trial (44.5% +9.2 versus 26.4% %+ 1.8 for
vehicle group).

3.2. Histology

Immunostaining (Fig. 2A) revealed activated microglia
(OX-6-immunopositive) cells distributed throughout the hip-
pocampus of old rats (Fig. 2A, d). The activated microglia
had a characteristic bushy morphology with increased cell
body size and contracted and ramified processes (Fig. 2A,
d). Young rats (with vehicle, WIN 0.5 or WIN 2, Fig. 2A,
a—c) had very few, mildly activated microglia evenly scattered
throughout the brain, consistent with results from previous
studies (Hauss-Wegrzyniak et al., 1998; Marchalant et al.,
2007). The highest dose of WIN reduced the number of
immunostained microglia within the hippocampus of old rats
(Fig. 2A, d-).

3.3. Regional microglia cell counts

The number of activated microglia per millimeter square
was determined in four different area of interest: dentate gyrus
(DG), CA3 and CA1 regions of the hippocampus and the
entorhinal cortex (EC) (Fig. 2B). These brain regions were
examined because of their importance for spatial learning
(Nadel and de Vellis, 2000). An ANOVA revealed an overall
main effect of age on the number of immunostained microglia
(F1,61=7.626, p<0.0076) with a significant increase due to
age in the dentate gyrus (Fy,33=9.766, p=0.008) and in
CA3 (F1,13=24.931, p=0.0002). The highest dose of WIN
reduced the number of immunostained microglia in the CA3
(Fs5,9=15.303, p=0.0004).

3.4. CBI receptors

CB1 immunoreactivity was found in the hippocampus,
striatum, amygdala as well as in the somatosensory, cingulate
and entorhinal cortices; the distribution of these immunore-
active cells did not vary across age or treatment groups
and was consistent with previous reports (Tsou et al., 1998;
Katona et al., 2006; Marchalant et al., 2007). The quan-
tity of CB1 protein present in the hippocampus determined
by western blotting technique (Fig. 3) also did not vary
significantly across age or treatment groups (Fs579=0.516,
p=0.7631). In contrast, an ANOVA revealed a significant
main effect of age (F120=6.13, p<0.05) upon the num-
ber of {H] SR141716A binding sites in the hippocampus
(Table 1), but no main effect of drug treatment (Fs 16 =1.161,
p=0.37).
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Fig. 2. (A) Activated microglia in the CA3 region. Note the diminution of activated microglia cells in this region of rats treated with 2 mg/kg day of WIN-55212-2
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of WIN-55212-2 reversed partially the aged induction of activated microglia (fp <0.05). No significant effect of aging or treatment was found for either CA1
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Fig. 3. Protein expression of CB1 receptors in the hippocampus. No changes
in protein expression were found between groups for CB1 receptors in the
hippocampus of rats.

3.5. No co-localization between CB1 receptors and
resting or activated microglial cells

Double-immunofluorescence staining for CB1 receptors
and resting (OX-42, Fig. 4E, ¢) or activated microglial (OX-6,

Fig. 4A, a) performed on the brains of all groups did not show
any co-localization. These results suggest that CB1 receptors
are not present on microglial cells in aged rats or following
a treatment with a CBr agonist.

3.6. No co-localization between CB1 and astrocytes

Double-immunofluorescence staining for CB1 receptors
and GFAP-positive astrocytes performed on the brains of all
groups did not show any co-localization (Fig. 4C, c). These
results suggest that CB1 are not present on astrocytes in aged
rats or following treatment with a CBr agonist.

3.7. Co-localization between CBI and neurons

Double-immunofluorescence staining for CB1 receptors
and neurons performed on the brains of all groups demon-

Table 1

Hippocampal CB1 receptor binding assay

fmol/mg of protein +S.D. Vehicle WIN 0.5 mg/kg day WIN 2 mg/kg day
Young (3 months) 10.089 + 2.715 8.548 + 4.931 9.322 4 3.343
Old (23 months) 5.995 + 2.259 5.038 + 3.817 6.631 + 3.644

An overall aging effect (young vs. aged rats) was observed (p <0.05). No other significant differences between groups were observed.
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Fig. 4. Immunoreactivity (IR) of CB1 in the CA3 region of the hippocampus. All scale bars: 50 um. (A) CB1-IR (red) do not co-localized with OX-6-1R (green),
as magnified in (2). (B) CB1-IR (green) and NeuN-IR (red) do co-localize, as magnified in (b). (C) CB1-IR (green) and GFAP-IR (red) do not co-localize as
magnified in (c). (D) CB1-IR (green) and NMDA-R1-IR (red) do co-localize as magnified in (d). (E) CB1-IR (green) and cd11b-IR (red) do not co-localize
as magnified in (). CBI-IR thus seems to be located only within neurons in the hippocampus, particularly with neurons expressing NMDA receptors. These
photomicrographs are representative of the staining observed in all groups. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)

strated a strong spatial co-localization of CB1 receptors and
the soma of neurons (Fig. 4B, b). These results are con-
sistent with the hypothesis that CB1 receptors are closely
associated with neurons in the regions of interest and partic-
ularly within the CA3 region of the hippocampus. Moreover
double-immunofluorescence staining for CB1 and NMDA-
R1 performed on the brains of all groups demonstrated a
strong spatial co-localization of CB1 receptors and NMDA-
R1 receptors on neuronal cell bodies and dendritic processes
(Fig. 4D, d). These results suggest that CB1 receptors
are closely associated with glutamatergic receptors in the
regions of interest and particularly in the CA3 region of the
hippocampus.

4, Discussion

The results demonstrate that a CB1/CB2 receptor agonist,
WIN-55212-2, can effectively reduce microglial cell activa-
tion associated with normal aging. The effects of this drug
were not dependent upon direct CB1 receptor stimulation on
microglia or astrocytes, were region dependant and signifi-
cantly attenuated the aged-associated impairment in a spatial
memory task. No significant changes were observed in the
protein expression of the CB1 receptor in the hippocampus,
with the exception of a decrease in CB1 receptor density
in aged rats as compared to young rats that is consistent
with a previous report (Berrendero et al., 1998). CB recep-
tor expression is altered (diminution of CB1-immunoreactive
neurons) in AD (Ramirez et al., 2005). Endocannabinoids
may be neuroprotective via their ability to modulate inflam-
matory response of neurons and glia to B-amyloid, control
the release of TNF-u, nitric oxide and glutamate and reduce

calcium influx via NMDA channels (Klein et al., 2003; Klein,
2005; Marchalant et al., 2007; Piomelli, 2003; Ramirez et al.,
2005; Takahashi and Castillo, 2006; Waksman et al., 1999).
Cannabinoids can attenuate oxidative stress and its subse-
quent toxicity (Hampson and Grimaldi, 2001) or induce the
expression of brain-derived neurotrophic factor following the
infusion of kainic acid (Marsicano et al., 2003). Interest-
ingly, WIN-55212-2 can inhibit the IL-1 signaling pathway
in human astrocytes through a pathway that may not involve
CB1 or CB2 cannabinoid receptors (Curran et al., 2005).
We previously demonstrated that WIN-55212-2 administra-
tion can reduce LPS-induced chronic neuroinflammation in
young rats (Marchalant et al., 2007).

The mechanism underlying the effect of WIN-55212-2
treatment upon microglial activation is unknown but is likely
indirect. Our results suggest that CB1 receptors are not co-
localized with microglia (in their resting or activated state)
or GFAP-positive astrocytes within the hippocampus of nor-
mal aged rats. CB1 receptors were co-localized with NMDA
receptors on neurons (Fig. 3) in the CA3 region of the hip-
pocampus in young and aged rats. We have recently shown
that selective antagonism of NMDA receptors can also reduce
microglia activation (Rosi et al., 2006) similar to that reported
in the current study suggesting an indirect influence of CB
receptors upon microglia activation that might be linked to the
modulation of glutamate synaptic transmission or neuronal
activity. We speculate that the activation of endocannabi-
noid receptors in the presence of brain inflammation may
restore a proper calcium influx via NMDA channels in a
manner similar to that described for the NMDA channel
antagonist memantine (Rosi et al., 2006; Wenk et al., 2006).
Activated microglial cells also increase their expression of
GABA-b receptors; stimulation of GABA-b receptors can
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reduce microglia activation (Kvhn et al., 2004) and reduce
the release of glutamate and GABA in the entorhinal cortex
(Thompson et al., 2007). Therefore, our results are consis-
tent with the hypothesis that CB receptors on hippocampal
neurons modulate glutamatergic and GABAergic function
(Katona et al., 1999; Katona et al., 2006; Takahashi and
Castillo, 2006) and this leads to reduced microglia activation.
This mechanism may underlie the neuroprotective effects of
cannabinoids (Nagayama et al., 1999; Parmentier-Batteur et
al., 2002; Pryce et al., 2003).

Importantly, the benefits of cannabinoid receptor stimu-
lation occurred at a dose that did not impair performance
in a spatial memory task, indeed the performance of aged
rats was significantly improved. This finding is particularly
relevant for elderly for patients suffering with diseases asso-
ctated with brain inflammation, e.g. AD, Parkinson’s disease
or multiple sclerosis. The current report is the first to our
knowledge to demonstrate the anti-inflammatory actions of
cannabinoid therapy in aged animals and strongly advocate
an cannabinoid-based therapy for neuroinflammation-related
diseases (Klein, 2005), as well as a potential tool to reduce the
impairment in memory processes occurring during normal
aging.
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Abstract: Alzheimer's disease is the leading cause of dementia among the elderly, and with
the ever-increasing size of this population, cases of Alzheimer’s disease are expected to triple
over the next 50 years. Consequently, the development of treatments that slow or halt the disease
progression have become imperative to both improve the quality of life for patients and reduce
the health care costs attributable to Alzheimer's disease. Here, we demonstrate that the active
component of marijuana, A%tetrahydrocannabinol (THC), competitively inhibits the enzyme
acetylcholinesterase (AChE) as well as prevents AChE-induced amyloid S-peptide (AB)
aggregation, the key pathological marker of Alzheimer's disease. Computational modeling of
the THC—AChE interaction revealed that THC binds in the peripheral anionic site of AChE, the
critical region involved in amyloidgenesis. Compared to currently approved drugs prescribed
for the treatment of Alzheimer's disease, THC is a considerably superior inhibitor of AB
aggregation, and this study provides a previously unrecognized molecular mechanism through
which cannabinoid molecules may directly impact the progression of this debilitating disease.

Keywords: Cannabinoids; Alzheimer’s disease; acetylcholinesterase

Introduction

Since the characterization of the Cannabis sativa produced
cannabinoid, A®-tetrahydrocannabinol (THC) (Figure 1), in
the 1960s,! this natural product has been widely explored as
an antiemetic, anticonvulsive, anti-inflammatory, and anal-
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7o
Figure 1. Chemical structure of AS-tetrahydrocannabinol
(THC).

gesic.? In these contexts, efficacy results from THC binding
to the family of cannabinoid receptors found primarily on
central and peripheral neurons (CB,) or immune cells (CB,).}
More recently, a link between the endocannabinoid system
and Alzheimer’s disease has been discovered* which has
provided a new therapeutic target for the treatment of patients
suffering from Alzheimer’s disease.> New targets for this

(2) Carlini, E. A. The good and the bad effects of (—) trans-delta-
9-tetrahydrocannabinol (A°-THC) on humans. Toxicon 2004, 44,
461—467.
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debilitating disease are critical as Alzheimer’s disease afflicts
over 20 million people worldwide, with the number of
diagnosed cases continuing to rise at an exponential rate.5’
These studies have demonstrated the ability of cannabinoids
to provide neuroprotection against S-amyloid peptide (Af)
toxicity.871% Yet, it is important to note that, in these reports,
cannabinoids serve as signaling molecules which regulate
downstream events implicated in Alzheimer’s disease pathol-
ogy and are not directly implicated as effecting Af at a
molecular level.

One of the primary neuropathological hallmarks of Alz-
heimer’s disease is deposition of Af into amyloid plaques
in areas of the brain important for memory and cognition.!
Over the last two decades, the etiology of Alzheimer’s
disease has been elucidated through extensive biochemical
and neurobiological studies, leading to an assortment of
possible therapeutic strategies including prevention of down-
stream neurotoxic events, interference with A metabolism,
and reduction of damage from oxidative stress and inflam-
mation.'? The impairment of the cholinergic system is the
most dramatic of the neurotransmitter systems affected by
Alzheimer’s diseasc and, as a result, has been thoroughly
investigated. Currently, there are four FDA-approved drugs
that treat the symptoms of Alzheimer’s disease by inhibiting

(3) Howlett, A. C.; Barth F.; Bonner, T. L; Cabral, G.; Casellas P.;
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the active site of acetylcholinesterase (AChE), the enzyme
responsible for the degradation of acetyicholine, thereby
raising the levels of neurotransmitter in the synaptic cleft.!?
In addition, AChE has been shown to play a further role in
Alzheimer’s disease by acting as a molecular chaperone,
accelerating the formation of amyloid fibrils in the brain and
forming stable complexes with A at a region known as the
peripheral anionic binding site (PAS).!*!> Evidence support-
ing this theory was provided by studies demonstrating that
the PAS ligand, propidium, is able to prevent amyloid
acceleration in vitro, whereas active-site inhibitors had no
effect.!s Due to the association between the AChE PAS and
Alzheimer’s disease, a number of studies have focused on
blocking this allosteric site.!” Recently, we reported a
combined computational and experimental approach to
identify compounds containing rigid, aromatic scaffolds
hypothesized to disrupt protein—protein interactions.!3-20
Similarly, THC is highly lipophilic in nature and possesses
a fused tricyclic structure. Thus, we hypothesized that this
terpenoid also could bind to the allosteric PAS of AChE with
concomitant prevention of AChE-promoted Af aggregation.

Experimental Section

Docking Procedures. THC was docked to the mouse
ACHE structure (PDB ID code 1J07) using AutoDock 3.0.5.%
Twenty docking runs (100 million energy evaluations each)
were run with a 26.25 A x 18.75 A x 26.25 A grid box

(13) Racchi, M.; Mazzucchelli, M.; Porrello, E.; Lanni, C.; Govoni,
S. Acetylcholinesterase inhibitors: novel activities of old mol-
ecules. Pharmacol. Res. 2004, 50, 441—451.

(14) Inestrosa, N. C.; Alvarez, A.; Pecez, C. A.; Moreno, R. D.;
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the enzyme. Neuron 1996, 16, 881—891.
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Yamamoto, N.; Moss, J. A; Boldt, G. E.; Jiang, S.; Janda, K. D.
Evaluation of “credit card” libraries for inhibition of HIV-1 gp41
fusogenic core formation. J. Comb. Chem. 2006, 8, 531—539.
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with 0.375 A grid spacing. This grid box was designed to
include regions of both the catalytic site and the peripheral
anionic site. Otherwise, standard docking settings were used
for the AutoDock calculations, as previously detailed.!8

Acetylcholinesterase Inhibition Studies. All assays were
performed using a Cary 50 Bio UV —visible spectrophotom-
eter using an 18-cell changer, and conducted at 37 °C, using
a Cary PCB 150 water Peltier system. Solutions of acetyl-
thiocholine iodide (ATCh iodide) and 5,5'-dithiobis(2-
nitrobenzoic) acid (DTNB) were prepared according to the
method of Ellman et al.?? Stock solutions of acetylcholinest-
crase from Electrophorus electricus were prepared by
dissolving commercially available enzyme in 1% gelatin.
Prior to use, an aliquot of the gelatin solution was diluted
1:200 in water. For the assay, the solution was diluted until
enzyme activity between 0.1 and 0.13 AU/min at 500 uM
ACTh iodide was obtained. Compounds were prepared as
solutions in methanol.

Assays were performed by mixing AChE, THC, and 340
#M DTNB in 100 mM phosphate buffer, pH 8.0, containing
5% methanol. Solutions were incubated at 37 °C for 5 min
before the reaction was initiated by the addition of ATCh
iodide (75—300 #M). The increase of absorbance at 412 nm
was monitored for 2—5 min. All assays were run in triplicate.
Initial rates were determined by subtracting the average
observed initial rate from the nonenzymatic reaction.

Linear regression analysis of reciprocal plots of 1/z, versus
1/[S] for four THC concentrations was performed using
Microsoft Excel software. The slope was plotted against [I]
to give K; values. Propagation of error was performed to
determine the error, AK;.

For studies to determine the mutual exclusivity of THC
and propidium iodide, experiments were performed identi-
cally to THC inhibition studies with a fixed concentration
of ACTh iodide (125 uM), and varied concenirations of
propidium iodide (0—25 4M) and THC (0—15 uM).

AChE-Induced f-Amyloid Peptide Aggregation in the
Presence of AChE Ligands. The aggregation of the f-amy-
loid peptide was measured using the thioflavin T based
fluorometric assay as described by LeVine? and Bartolini.!6
Assays were measured using a SpectraMAX Gemini fluo-
rescence plate reader with SOFTmax PRO 2.6.1 software.
A4 stock solutions were prepared in DMSO and HuAChE
stocks prepared in distilled water. All stock solutions of AB
and HUAChE were used immediately after preparation.

In a 96-well plate, triplicate samples of a 20 uL solution
of 23 nM Af, 2.30 uM HuAChE, and various concentrations

(21) Morris, G. M.; Goodsell, D. S.; Halliday, R. S_; Huey, R.; Hart,
W. E.; Belew, R. K; Olson, A. J. Automated docking using a
Lamarckian genetic algorithm and an empirical binding free
energy function. J. Comput. Chem. 1998, 19, 1639—1662.

(22) Eliman, G. L.; Courtney, K. D.; Andres, Jr., V.; Featherstone, R.
M. A new and rapid colorimetric determination of acetylcho-
linesterase activity. Biochem. Pharmacol. 1961, 7, 88—95.

(23) LeVine, H., HI. Thioflavine T interaction with synthetic Alz-
heimer’s disease f-amyloid peptides: detection of amyloid
aggregation in solution. Protein Sci. 1993, 2, 404—410.

(
Figure 2. Predicted binding mode of THC (gray) to AChE
(orange ribbon). The catalytic triad residues of AChE (green)

and water molecules included in the docking calculations (light
blue spheres) are shown.

of THC in 0.215 M sodium phosphate buffer, pH 8.0, were
prepared. These solutions were incubated at room temper-
ature along with triplicate solutions of AS alone, A with
ACHhE, and AfS with varying concentrations of THC. After
48 h, a 2 uL aliquot was removed from each well, placed in
a black-walled, clear-bottomed 96-well plate, and diluted
with 50 mM glycine—NaOH buffer, pH 8.5, containing 1.5
#M thioflavin T to a total volume of 200 uL. After incubation
for 5 min, the fluorescence was measured using Ae, = 446
nm and A, = 490 nm with excitation and emission slits of
2 nm. The fluorescence emission spectrum was recorded
between 450 and 600 nm, with excitation at 446 nm.

The fluorescence intensities were averaged, and the
average background fluorescence of buffer only, or buffer
and THC, was subtracted. The corrected fluorescence values
were plotted with their standard deviation. The equation, Fy/
F, x 100%, where F; is the fluorescence of AChE, Af, and
THC, and F, is the fluorescence of AChE and Af, was used
to quantify the extent to which each compound inhibits A8
aggregation. The Student’s #-test function of Microsoft Excel
was used to determine p values and assess statistical
significance between reactions.

Control experiments containing AChE, THC, and thiofla-
vin T or AChE and thioflavin T alone were also performed
to ensure that any observed fluorescence decrease was not
attributable to the molecular rotor properties of thioflavin T
upon binding to AChE. For these reactions, all concentrations
were identical to those used in the described Af3 aggregation
assays (vide supra).

Results and Discussion

THC binding to AChE initially was modeled in silico using
AutoDock 3.0.5.2' Twenty docking runs with 100 million
energy evaluations each were performed with a 26.25 A x
18.75 A x 2625 A grid box with 0.375 A grid spacing,
which included regions of both the catalytic site and the PAS.
Examination of the docking results revealed that THC was
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Figure 3. (A) Kinetic analysis of AChE inhibition by THC: 0 (®), 6.25 (a), 12.5 (®), and 25.0 uM (m). Steady-state kinetic
analysis was performed using acetylthiocholine (75—300 M) and Eliman’s reagent (340 uM) at 37 °C. (B) Dixon plots of 1/v
versus [THC] at different fixed concentrations of propidium iodide: 0 (®), 6.25 (a), 12.5 (#), and 25 uM (m).

predicted to bind to AChE with comparable affinity to the
best reported PAS binders, with the primary binding inter-
action observed between the ABC fused ring of the THC
scaffold and the Trp86 indole side chain of AChE (Figure
2). Further interactions were also evident between THC and
the backbone carbonyls of Phe123 and Ser125. Encouraged
by these results, we tested the ability of THC to inhibit AChE
catalytic activity. Steady-state kinetic analysis of THC
inhibition revealed that THC competitively inhibits AChE
(Ki = 10.2 uM) (Figure 3A). This level of inhibition is
relatively modest, yet it is important to note that inhibition
of acetylcholine cleavage is not a prerequisite for effective
reduction of Af aggregation; indeed, most PAS binders are
moderate AChE inhibitors displaying either noncompetitive
or mixed-type inhibition.!® While THC shows competitive
inhibition relative to the substrate, this does not necessitate
a direct interaction between THC and the AChE active site.
In fact, given the proximity of the PAS to the protein channel
leading to the catalytic triad active site, it is possible to block
substrate entry into the active site while bound to the PAS,
thus preventing the formation of an ESI complex.'®?* In order
to test this hypothesis, additional kinetic experiments were
performed to determine the mutual exclusivity of THC and
propidium, a well-characterized purely noncompetitive AChE
inhibitor and PAS binder. Dixon plots of v~ versus THC
concentration at different fixed concentrations of propidium
returned a series of parallel lines, indicating that THC and
propidium cannot bind simultaneously to AChE (F igure 3B).
Thus, these studies verify our docking results and demon-
strate that THC and propidium are mutually exclusive PAS
inhibitors. Additionally, recent reports have suggested that
the selectivity of a given inhibitor for AChE over butyryl-

(24) Szegletes, T.; Mallender, W. D.; Rosenberry, T. L. Nonequilibrium
analysis alters the mechanistic interpretation of inhibition of
acetylcholinesterase by peripheral site ligands. Biochemistry 1998,
37, 4206—-4216.
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cholinesterase (BuChE) can be correlated with the ability of
a compound to block AChE-accelerated A3 aggregation 2526
Kinetic examination of BuChE inhibition revealed a slight
reduction in enzymatic activity at high concentrations of THC
(ICso = 100 uM); however, these experiments were limited
by the poor solubility of THC in aqueous solution.

The activity of THC toward the inhibition of A aggrega-
tion was then investigated using a thioflavin T (ThT) based
fluorometric assay to stain putative AS fibrils.?® Using thijs
assay, we found that THC is an effective inhibitor of the
amyloidogenic effect of AChE (Figure 4). In fact, at a
concentration of 50 uM, propidium does not fully prevent
AChE-induced aggregation (p = 0.03, Student’s  test), while
THC completely blocks the AChE effect on AfS aggregation,
with significantly greater inhibition than propidium (p =
0.04, Student’s ¢ test), one of the most effective aggregation
inhibitors reported to date.!® However, the observed decrease
in fluorescence could also be rationalized as a result of a
competition between THC and ThT for the same site on
ACHhE. It has been shown that ThT also can bind to the PAS
and that this binding leads to an increase in fluorescence.
Presumably, this phenomenon results from ThT serving as
a molecular rotor in which fluorescence quantum yield is
sensitive to the intrinsic rotational relaxation; thus, when
molecular rotation is slowed by protein binding, the quantum

(25) Piazzi, L.; Rampa, A.; Bisi, A.; Gobbi, S.; Belluti, F.; Cavalli,
A.; Bartolini, M.; Andrisano, V.; Valenti, P.; Recanatini, M. 3-(4-
{[Benzyl(methyl)amino]methyl}-phenyl)-6,7-dimethoxy-2H-2-
chromenone (AP2238) inhibits both acetylcholinesterase and
acetylcholinesterase-induced B-amyloid aggregation: A dual
function lead for Alzheimer’s disease therapy. J. Med. Chem.
2003, 46, 2279—2282.

(26) Beliuti, F.; Rampa, A ; Piazzi, L.; Bisi, A.; Gobbi, S.; Bartolin,
M.; Andrisano, V.; Cavalli, A.; Recanatini, M.; Valenti, P.
Cholinesterase inhibitors: Xanthostigmine derivatives blocking
the acetylcholinesterase-induced S-amyloid aggregation. J. Med.
Chem. 2005, 48, 4444—4456.
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Figure 4. Inhibition of AChE-induced AS aggregation by THC
and propidium ((*) p < 0.05 versus AS only; (#) p < 0.05
versus A§ + propidium).

yield of the molecule can increase dramatically. 2’28 In order
to ensure that the observed fluorescence decrease was due
to fibril inhibition, control experiments were performed using

(27) De Ferrari, G. V.; Mallender, W. D.; Inestrosa, N. C_; Rosenberry,
T. L. Thioflavin T is a fluorescent probe of the acetylcholinesterase
peripheral site that reveals conformational interactions between
the peripheral and acylation sites. J. Biol. Chem. 2001, 276,
23282—23287.

(28) Viriot, M. L.; Carre, M. C.; Geoffroy-Chapotot, C.; Brembilla,
A.; Muller, 8.; Stoltz, J. F. Molecular rotors as fluorescent probes
for biological studies. Clin. Hemorheol. Microcirc. 1998, 19, 151 —
160.

AChHE, THC, and ThT. Reactions containing AChE and ThT
alone showed the same fluorescence output as those contain-
ing AChE, THC, and ThT, providing convincing evidence
that any observed reduction in fluorescence can be attributed
to fewer Af fibrils.

Conclusion

We have demonstrated that THC competitively inhibits
AChE and, furthermore, binds to the AChE PAS and
diminishes A8 aggregation. In contrast to previous studies
aimed at utilizing cannabinoids in Alzheimer’s disease
therapy,® ' our results provide a mechanism whereby the
THC molecule can directly impact Alzheimer’s disease
pathology. We note that while THC provides an interesting
Alzheimer’s disease drug lead, it is a psychoactive compound
with strong affinity for endogenous cannabinoid receptors.
It is noteworthy that THC is a considerably more effective
inhibitor of AChE-induced Af deposition than the approved
drugs for Alzheimer’s disease treatment, donepezil and
tacrine, which reduced Af aggregation by only 22% and 7%,
respectively, at twice the concentration used in our studies.”
Therefore, AChE inhibitors such as THC and its analogues
may provide an improved therapeutic for Alzheimer’s
disease, augmenting acetylcholine levels by preventing
neurotransmitter degradation and reducing AS aggregation,
thereby simultaneously treating both the symptoms and
progression of Alzheimer’s disease.
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Acquisition and storage of aversive memories is one of the basic
principles of central nervous systems throughout the animal
kingdom'. In the absence of reinforcement, the resulting beha-
vioural response will gradually diminish to be finally extinct.
Despite the importance of extinction?, its cellular mechanisms
are largely unknown. The cannabinoid receptor 1 (CB1)® and
endocannabinoids* are present in memory-related brain areas™®
and modulate memory”®. Here we show that the endogenous
cannabinoid system has a central function in extinction of
aversive memories. CB1-deficient mice showed strongly impaired
short-term and long-term extinction in auditory fear-condition-
ing tests, with unaffected memory acquisition and consolidation.

# Present address: Molecular Neurogenetics Group, Max Planck Institute of Psychiatry, Kraepelinstrasse
2-10, 80804 Munich, Germany.
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Treatment of wild-type mice with the CB1 antagonist SR141716A
mimicked the phenotype of CBl-deficient mice, revealing that
CB1 is required at the moment of memory extinction. Consist-
ently, tone presentation during extinction trials resulted in
elevated levels of endocannabinoids in the basolateral amygdala
complex, a region known to control extinction of aversive
memories®. In the basolateral amygdala, endocannabinoids
and CB1 were crucially involved in long-term depression of
GABA (y-aminobutyric acid)-mediated inhibitory currents. We
propose that endocannabinoids facilitate extinction of aversive
memories through their selective inhibitory effects on local
inhibitory networks in the amygdala.

To study the involvement of the endogenous cannabinoid system
in memory processing, we generated CB1-deficient mice (CBI ~/
see Supplementary Information). CBI ~/~ mice and CBI + htter
mates were tested in auditory fear conditioning, which is highly
dependent on the amygdala' and enables the dissection of different
phases of memory formation, including acquisition, consolidation
and extinction. Mice were trained to associate a tone with a foot-
shock (conditioning). After conditioning, animals froze when
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Figure 1 Impaired extinction of aversive memory in an auditory fear-conditioning task of
CB1 7" mice (filled circles} as compared to their CB7 +/* littermates (open circles).
a, b, After conditioning (Co} animals were repeatedly exposed to 60 s tones {conditioned
stimulus, CS) starting 24 h after conditioning (a) (d1) or after a 6-day consolidation period
{b) (06). ¢, CB7 ~/~ and CB1 *"* mice did not differ in their sensory-motor abilities, as
assessed by sensitivity to rising electric foot-shock (¢), unspecific freezing to a tone after
shock application {d), anxiety-related behaviour on the elevated plus maze (e) and
horizontal locomotion in an open field (f). g, CBT '~ mice showed memory extinction in
response to a stronger extinction protocol (3 min tones untit day 20; analysed in 60-s
intervals), but still froze more than CB7 % controls. Means =+ s.e.m. are shown;
number of animals are indicated in parentheses. Asterisk, P << 0.05; double asterisk,
P < 0.01; triple asterisk, P < 0.001 {compared with CB7 *'*); dagger, P < 0.05;
double dagger, P < 0.01; triple dagger, P < 0.001 {compared with day 1).
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re-exposed to the tone. This response served as an indicator of
aversive memory, and is gradually extinguished on repeated tone
presentations. As the amygdala has a crucial role for extinction of
aversive memories™'’, we studied amygdala-dependent memory
performance in the absence of possible confounding influences of
the hippocampus by re-exposing the mice to the tone in an
environment different from the conditioning context'. In this
environment, neither CBI1 ™~ nor CBI*'* mice showed freezing
without tone presentation 24 h after conditioning (data not shown).
During the subsequent tone presentation, however, animals of both
groups showed the same amount of freezing (Fig. 1a; d1, P > 0.05),
pointing to an equally successful tone—foot-shock association. On
repeated exposure to the tone, however, CBI "'+ and CBI ™'~ mice
differed significantly in their freezing behaviour (genotype:
F 50 =5.81, P <0.05; genotype X day interaction: F; 4y = 4.86,
P < 0.005; Fig. 1a). In fact, CBI™'" mice (F;,o=9.70,
P < 0.0005), but not CBI ™'~ (F5 o= 0.94, P = 0.433), showed
extinction of freezing.

The identical behavioural performance of the two genotypes on
day 1 indicates that acquisition and early consolidation processes do
not involve CB1. However, it is possible that memory consolidation
processes were not completed 24 h after conditioning, leaving open
a potential involvement of CB1 in later phases of memory con-
solidation. To test this hypothesis, new groups of animals remained
undisturbed after conditioning for 6 days, and mice from these
groups were then exposed to the 60-s tones (Fig. 1b). Again,
CBI '™ and CBI™'* mice did not differ in their initial freezing
response, but behaved in a significantly different way in the course
of repeated tone presentations (genotype X day interaction:
Fs3 4> = 3.03, P < 0.05). Whereas CBI ™" mice showed a decrease
in freezing behaviour until day 11 (F3,; = 3.73, P < 0.05), CBI -
mice failed to extinguish the freezing response (Fs ;5 = 1.03,
P =0.404). A more detailed analysis of the freezing response in
20-s intervals confirmed the difference in extinction
(genotype X 20-s bin interaction: Fj; ;54 = 2.60, P < 0.005;
Supplementary Information). These differences were due to altered
short-term and long-term extinction in CBI ™'~ miice but not to
increased spontaneous recovery of the freezing response (genotype:
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Figure 2 CB1 antagonist SR141716A impairs short-term and long-term extinction, but
not acquisition and consolidation of aversive memories. a, Mice were treated with
SR141716A (filled arrows) or vehicle (open arrows) 20 min before conditioning (Co) and
the first extinction trial {d1; 3 min tone). b, Mice were treated with SR141716A or vehicle
10 min after the first extinction trial, as indicated. Freezing was analysed in 60-s intervals.
Means * s.e.m. are shown; number of animals are shown in parentheses. Double
asterisk, P << 0.07 {compared with the two ather groups).
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Fy 14 = 0.18, P=0.675; genotype X day interaction: F, 53 = 1.61,
P = 0.217; Supplementary Information).

We next analysed whether the differences in memory extinction
between the two genotypes could be attributed to alterations in
sensory-motor abilities of CBI ~/~ mice, as cannabinoids are
known to influence pain perception, emotionality and loco-
motion**'2, However, mice of either genotype showed the same
pain sensitivity to a rising electric foot-shock defined as the shock
intensity at which mice showed first signs of discomfort, that is,
jumping and/or vocalization (Fig. lc). Moreover, if the same
animals were repeatedly exposed to the tone, there were no
significant differences in freezing behaviour between the genotypes
(genotype: Fy,, = 1.61, P = 0.228; genotype X day interaction:
Fs 36 = 0.225, P = 0.878; Fig. 1d), indicating that CB1 deficiency
does not affect foot-shock-induced behavioural sensitization or
unconditioned freezing to the tone. Anxiety-related behaviour
was analysed on an elevated plus maze. Animals of either genotype
spent the same relative time on open arms of the maze (P > 0.05, z-
test and U-test; Fig, le), and made the same relative number of
entries into open arms (CBIY/Y: 22.0 + 4.0%; CBI -
21.1 * 7.6%, P > 0.05, t-test and U-test). In contrast, CBI —I=
mice showed reduced exploratory activity (number of closed-arm
entries: 11.6 * 1.1 in CBI™'" mice compared with 6.5 * 1.2 in
CB1 ™'~ mice, P < 0.01, t-test). However, in an open-field Joco-
motor activity test, no significant differences were found, including
horizontal (Fig. 1f) and vertical locomotion, resting time, and time
spent close to the walls of the box (data not shown).

The failure of CBI ™'~ mice to diminish their freezing response
during a limited number of 60-s tone presentations (Fig. la, b)
raises the question as to whether CBI ™/~ mice are able to extinguish
aversive memories at all. Thus, conditioned CB1 '~ and CBI*'*
mice were exposed to a stronger extinction protocol (3 min tone, six
exposures; Fig. 1g). Both CB11Y (F,; ;9 = 15.01, P < 0.000001)
and CBI ™'~ mice (F,7110=7.59, P < 0.000001) extinguished
their freezing response over the course of repeated tone presenta-
tions. Nevertheless, extinction was still more pronounced in
CB1+'* as compared with CBI ™'~ mice (genotype: F,, = 5.30,
P <2 0.05). Notably, the most marked differences between CBI /-

a b c
*
*
300
6 1-5
s
% AEA 250 2-AG
o 1.2
5
= 200
© 09
[
£ 150
8 06
° 100
5
03 50
Paired tone/shock + - + + -
Tone - + + - + +
Freezing -~ - + - - +

Figure 3 Re-exposure to the tone 24 h after conditioning causes increased
endocannabinoid levels in the basolateral amygdala complex (BLAC) but not the medial
prefrontal cortex (MPFC) of C57BL/6J mice. a, Micrographs of coronal brain sections
showing representative examples of the dissected mPFC and BLAC. Circles indicate the
size and positioning of tissue sampling. b, ¢, Anandamide (b, AEA) and 2-
arachidonoylglycerol (e, 2-AG) levels of the three experimental groups (see text), which
differed in conditioning procedure, re-exposure to the tone and resulting freezing
response to the tone. Means = s.e.m. are shown {n = 4 per group, 5 mice per n). Open
bars, mPFC; filled bars, BLAC. Asterisk, P < 0.05 {compared with BLAC of the other
groups).
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and CBI*"Y mice were observed durmg acute tone presentatlon
(short-term extinction). Therefore, CBI '~ mice might be primar-
ily impaired in short-term extinction, with a resulting impairment
in long-term extinction, assessed in the course of the subsequent
extinction trials. Accordingly, spontaneous recovery was not differ-
ent between the genotypes (genotype: F,,, = 1.73, P = 0.208;
genotype X day interaction: F ¢ = 1.19, P = 0.323; Supplemen-
tary Information).

Our behavioural data clearly indicate an involvement of the
endogenous cannabinoid system in extinction of aversive mem-
ories. However, the life-long absence of CB1 could result in develop-
mental defects leading to the phenotype observed. It, furthermore,
precludes any temporal dissection of the involvement of the
endogenous cannabinoid system in different stages of memory
formation. Thus, we treated wild- type C57BL/6] mice with the
CB1 antagonist SR141716A (ref. 13), either before conditioning, or
before the first extinction trial. Systemic application of SR141716A
20 min before the first extinction trial impaired both short-term and
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Figure 4 Endogenous cannabinoid system and synaptic plasticity in the basolateral
amygdala. a, LTP (top) and LTD {bottom) in slices from €87 +/* and CBY ™~ mice,
induced by high-frequency stimulation (HFS) and low-frequency stimulation (LFS 1),
respectively. Asterisks indicate stimulus artefacts. b, Long-term depression of IPSCs
{LTD) requires CB' activation. In principal neurons of slices of CB7 *'* mice, low-
frequency stimulation (LFS 2) induced a reduction of the amplitudes of isclated IPSCs.
Stices of CB1 '+ mice pre-incubated in SR141716A (SR) showed no LTD;. LFS 2 had no
effectin CB7 ™/~ mice. ¢, LTD, was accompanied by increased PPF, which was absent in
€B7 '™ mice. Insets show representative traces before and after HFS or LFS (1, 2,
respectively). Means + s.e.m. are shown,
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long-term extinction of the freezing response as compared with
both vehicle-treated controls and animals treated with SR141716A
before conditioning (treatment X time interaction: F g ;60 = 2.72,
P < 0.005), with no difference between the two latter treatments
and with a similar performance of all three groups in the beginning
of the first extmctlon trxal (Fig. 2a). These data largely confirm the
phenotype of CB1 ™'~ mice (Fig. 1a, b, g), indicating that endo-
cannabinoids have only a negligible function in memory acqui-
sition, consolidation and recall (indicated by the similar
performance at the beginning of the first extinction trial), but
selectively interfere with extinction of the freezing response to the
tone. Mice treated with SR141716A before the first extinction trial
showed an attenuated extinction of freezing not only during the first
tone presentation (short-term extinction) but also in the absence of
pharmacological treatment during the first 60 s of tone presentation
at day 6 (long-term extinction). Spontaneous recovery of the
behavioural performance from the end of the first (day 1) to the
beginning of the second tone presentation session (day 6) was not
different among the three groups (F,34 = 0.29, P = 0.744; Sup-
plementary Information). Together, these findings support the idea
that CB1 might be particularly important for the extinction of acute
responses to the tone (short-term extinction), which, in turn, relates
to behavioural extinction over repeated tone presentations (long-
term extinction), without affecting spontaneous recovery of the
behavioural performance. Accordingly, the CB1 antagonist had to
be present at the time of tone presentation (that is, during aversive
memory recall) in order to interfere with memory extinction, as
SR141716A failed to affect extinction if administered immediately
at the end of the extinction trial {data not shown) or 10 min later
(Fig. 2b).

These observations, together with the pharmacokinetics of
SR141716A (ref. 14), led us to assume that presentation of the
tone during the extinction trial causes an instantaneous rise in
endocannabinoid levels. To confirm this assumption, we measured
in C57BL/6] mice levels of the two major endocannabinoids,
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), in brain
punches of the medial prefrontal cortex (mPFC) and the basolateral
amygdala complex (BLAC), both of which are thought to have
central roles in extinction of aversive memories®'*. In those animals
forming an association between tone and foot-shock, levels of AEA
and 2-AG were significantly higher in the BLAC at the end of tone
presentation of the extinction trial on day 1, as compared with
animals with unpaired tone and foot-shock presentation on the
previous day and with animals with paired tone and foot-shock
presentation but no re-exposure to the tone (Fig. 3). There were no
significant differences in levels of AEA and 2-AG in the mPFC,
suggesting a specific involvement of endocannabinoids in extinc-
tion processes within the BLAC. Data of the two control groups
indicate that both a successful tone—foot-shock association and re-
exposure to the tone are required to trigger the acute increase of
endocannabinoid levels.

If the endogenous cannabinoid system is activated during tone
presentation, how exactly does it facilitate memory extinction? To
answer this question, we performed a series of electrophyswloglcal
experiments in the BLAC of brain slices from CBI ™'~ and CB1 '+
mice. Basic electrical properties were similar in CB! '~ and CB1 ™
littermates, including input resistance and resting membrane
potential (data not shown). High-frequency stimulation (HES) in
the lateral amygdala close to the external capsule induced long-term
potentiation (LTP) in the basolateral amygdala of both genotypes
(Fig. 4a). This effect was significantly more pronounced in CB1 ™/~
than in CBI'*'* mice (potentiation of population spike amplitude
to 147 + 11% in CBI~'~ compared with 117 = 8% in CBI ™'+
mice, n =9, P < 0.05). However, we failed to affect basal synaptic
transmission and LTP induction in wild-type slices superfused with
SR141716A (5uM; data not shown). This indicates that the
enhanced LTP in CBI ™' mice might reflect long-term develop-
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mental adaptations to life-long absence of CB1, and cannot be easily
attributed to the lack of CB1 during LTP induction. Low-frequency
stimulation with 900 pulses at 1 Hz (LFS 1) of the same pathway
induced a persistent decrease in excitatory synaptic transmission
(long-term depression, LTD) in both CBI ™/~ and CBI"'" mice
with no difference between genotypes (depression of population
spike amplitude to 75 + 7% in CBI '~ compared with 80 * 7% in
CBI1""™" mice, n =9, P > 0.05; Fig. 4a).

As several recent studies indicate an involvement of CB1 in
GABA-mediated synaptic transmission in hippocampus’’ and
amygdala®, we next looked for possible differences in this process
within the basolateral amygdala of CBI ™/~ and CB1 ™' mice. Low-
frequency stimulation with 100 pulses at 1 Hz (LES 2) of the lateral
amygdala close to the external capsule induced a significant
suppression of isolated GABA,, receptor-mediated inhibitory post-
synaptic currents (IPSCs) in principal neurons of the basolateral
amygdala of CBI™'* mice. This suppression lasted for more than
20 min (hereafter called long-term depression of IPSCs, LID;, to
66.7 = 5.4%, n =8, P < 0.05; Fig. 4b). Importantly, LTD; was
blocked in CBI** mice by SR141716A (5 uM; Fig. 4b), showing
an acute involvement of the endocannabinoid system in the devel-
opment of LTD;. The involvement of CB1 in LTD; was confirmed in
CB1™'™ mice in which LTD; was completely abolished (to
110.1 + 13.8%, n = 8, P < 0.01 compared with CB1*'"; Fig. 4b).
Consistent with previous reports'®', suppression of GABA-
mediated synaptic transmission also increased paired-pulse facili-
tation (PPF) in CBI1*"* (P < 0.05) but not in CBI /" mice
(Fig. 4c), indicating a local CBl-dependent decrease in GABA
release from axon terminals in CBI ' slices.

Extinction of aversive memories is thought to be an active
mnemonic process’. As a new memory, it shares several attributes
with other steps of memory formation®'%!%; however, there is
increasing evidence that some cellular pathways are specifically
involved in extinction, but not in acquisition or consolidation of
fear memories'>'***, We demonstrated a specific involvement of
CBl-mediated neurotransmission in extinction of aversive mem-
ories. In principle, the enhanced excitatory synaptic plasticity in
CBI1™'™ mice (LTP; Fig. 4a) might explain the prolonged mainten-
ance of aversive memories observed in these animals (Fig. 1a, b, g).
However, an enhanced LTP is expected to coincide with an increased
initial freezing response in the first extinction trial!, which was not
observed in CBI ~'~ mice. Accordingly, acute blockade of CB1 bya
selective antagonist failed to affect LTP induction as well as
acquisition and consolidation of the aversive memory. In contrast,
the same approach revealed a significant involvement of CB1 in
extinction (Fig. 2a). Tone-induced recall of the aversive memory
was accompanied by an activation of the endocannabinoid system
within the BLAC (Fig. 3), which possibly leads to a decrease of
GABA-mediated transmission in a CB1-dependent manner (LTD;;
Fig. 4b, ¢).

The role of GABA-mediated transmission for extinction is,
however, controversial?*?. Within the amygdala, CB! immunor-
eactivity was detected in a distinct subset of GABA-containing
interneurons of the BLAC® (one of the sites where aversive mem-
ories might be formed and stored?), but not in the central nucleus
of the amygdala® (the principal output site of the amygdala’).
Taking into consideration that principal neurons of the BLAC and
neurons of the central nucleus of the amygdala might be inversely
correlated in their activities?®*°, we propose that the CB1-mediated
decrease of activity of local inhibitory networks within the BLAC
leads to a disinhibition of principal neurons and finally to extinction
of the freezing response. The selective and locally restricted inhi-
bition of GABA-mediated transmission might not be easily repro-
duced by systemic administration of GABA-interfering drugs*>*.
Thus, future studies will have to confine such treatments to the
BLAC to validate that CB1-mediated inhibition of GABA-mediated
transmission is indeed crucially involved in the extinction of
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aversive memories mediated by CB1. It remains to be shown
whether CB1 is not only involved in extinction of aversive memories
but also in adaptation to aversive situations in general and/or in
extinction of memories, independently from their emotional
value.

Overall, our findings suggest that the endogenous cannabinoid
system could represent a therapeutic target for the treatment of
diseases associated with inappropriate retention of aversive mem-
ories or inadequate responses to aversive situations, such as post-
traumatic stress disorders?, phobias, and certain forms of chronic
pain'’. ]

Methods

Animals

Adult male C57BL/6JOlaHsd mice (6-8 weeks; Harlan—Winkelmann) and male CB1 ™'~
and CBI*"* littermates (1016 weeks; see Supplementary Information) were housed
individually with an inverse 12/12 h light/dark cycle (lights off at 8:00) for at least 2 weeks
before starting the experiments.

Behavioural studies

Experimental procedures were approved by the Committee on Animal Health and Care of
local Government. Experiments were performed between 9:00 and 14:00. Animal’s
behaviour was analysed in a blind fashion with regards to genotype and drug treatment.
Data were analysed by analysis of variance (ANOVA) followed by Fisher’s least significant
difference test for planned comparisons, Mann-Whitney U-test or unpaired Student’s
t-test. A P-value of <0.05 was considered statistically significant. Experimental procedures
for pain threshold and unconditioned freezing, elevated plus maze and open field are
described in Supplementary Information.

Fear conditioning

For conditioning, animals were placed into conditioning chambers (MED Associates).
After 3 min, a 20-s tone {9 kHz, 80 dB) was presented that co-terminated with a 2-s electric
foot-shock (0.7 mA). In pharmacological experiments animals received a 1-s shock to
avoid ceiling effects in the freezing response due to the combination of foot-shock and
injection stress. Animals were returned to their home cages 60 s after shock application. At
the given time points after conditioning, animals were placed into transparent plexiglas
cylinders that differed from the conditioning context, and a 60-s of 180-s tone was
presented 3 min later (extinction trials}. Animals were returned to their home cages after
another 60 5. Mice were experimentally naive except for the stronger extinction protocol,
where they had been tested on the elevated plus maze 5 days before. Freezing behaviour
(defined as the absence of all movements except for respiration) was quantified from
videotapes by trained observers that were blind to genotype and drug treatment, and data
were normalized to the respective observation periods.

Pharmacological treatment

SR141716A (NIMH Chemical Synthesis and Drug Supply Program) was dissolved in
vehicle solution (1 drop of Tween-80 in 3 mi 2.5% dimethylsulphoxide in saline).
SR141716A {3 mg per kg body weight) and vehicle were injected subcutaneously at 20 ml
per kg body weight under light isofluran anaesthesia.

Measurement of endocannabinoids

C57BL/6JOlaHsd mice were randomly assigned to three groups (7 = 20 each). On the
conditioning day, two groups were conditioned as described before {paired). The
remaining group received the foot-shock first and a 20's tone 3 min later (unpaired). On
the next day, all animals were placed into the cylinders, but only one of the paired groups
and the unpaired group were exposed to a 3-min tone. Immediately after the end of the
tone (or equivalent time in c¢ylinder), animals were killed, brains were quickly removed
and snap-frozen in isopentane/dry ice. mPFC and BLAC were punched from the frozen
brain using a cryocut and cylindric brain punchers (Fine Science Tools, internal diameter
2.0 mm and 0.8 mm, respectively). Length of punches was approximately 1.6 mm for
mPFC (start: bregma +2.8 mm®) and 1.2 mm for BLAC (start: bregma — 1.0 mm?’). Brain
tissue of mPFC and bilateral BLAC, respectively, of 5 mice was pooled to obtain a single
data point. Tissues (10~15mg per data point) were dounce-homogenized with
chloroform/methanol/Tris-HC] 50 mM, pH 7.4 (1/1/1 by volume) containing 5 pmol of
octa-deuterated (dg)-anandamide and 50 pmol of dg-2-arachidonoylglycerol (Cayman
Chemicals) as internal standards. Lipid-containing organic phase was dried down,
weighed and pre-purified by open-bed chromatography on silica gel, and analysed by
liquid chromatography-atmospheric pressure chemical jonization-mass spectrometry
(LC-APCI-MS) using a Shimadzu high-performance liquid chromatography (HPLC)
apparatus (LC-10ADVP) coupled to a Shimadzu quadrupole mass spectrometer
(LCMS-2010) via a Shimadzu APCI interface. Mass spectrometry analyses were carried
out in the selected ion-monitoring (SIM) mode as deseribed previously™. Temperature of
the APCI source was 400 °C; HPLC column was a Phenomenex {5 pm, 150 X 4.5 mm)
reverse phase column, eluted as described”. Anandamide (retention time of 14.5 min) and
2-AG (retention time of 17.0 min) quasi-molecular ions were quantified by isotope
dilution with the above-mentioned deuterated standards™ and their amounts in pmols
normalized per mg of lipid extract. Data were statistically evaluated by ANOVA.
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Electrophysiology

Brain slices were prepared essentially as described®. IPSCs and population spikes were
evoked by square pulse stimuli (0.066 Hz, 512 mA, 200 ps) delivered by means of bipolar
tungsten electrodes positioned within the lateral amygdala close to the external capsule.
Population spikes were recorded in the basolateral amygdala close to lateral amygdala
using glass microelectrodes (2-3 M) filled with artificial cerebrospinal fluid (ACSF)®.
HFS (five trains at 100 Hz for 15, 10-s interstimulus interval) was applied to induce LTP,
and LFS1 (900 pulses at 1 Hz) was applied to induce ITD. Whole-cell GABA-mediated
currents were isolated by adding NBQX (0.005 mM) and D-(-)-2-amino-5-
phosphopentanoic acid (APS5; 0.05 mM) to ACSF (bubbled with 95% O,/5% COy; pH
7.3), and were recorded from visually identified somata of principal neurons of the
basolateral amygdala™ by glass electrodes (4.5-5 M£)** containing (in mM): Mg-ATP 2,
CsCH,;50; 100, CsCl 60, EGTA 0.2, HEPES 10, MgCl, 1, QX314 5 and Na,GTP 0.3 (pH
7.3). Patch clamp experiments were performed at 24 + 1°C at 2 holding potential of
—70 mV. LTD; was induced by 100 stimuli at 1 Hz (LFS 2). PPF was induced as described™.
Data are expressed as means * s.e.m. We tested significance using the Student’s -test.
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Mammalian circadian clocks consist of complex integrated feed-
back loops''? that cannot be elucidated without comprehensive
measurement of system dynamics and determination of network
structures’’. To dissect such a complicated system, we took a
systems-biological approach based on genomic, molecular and
cell biological techniques. We profiled suprachiasmatic nuclei
and liver genome-wide expression patterns under light/dark
cycles and constant darkness. We determined transcription
start sites of human orthologues for newly identified cycling
genes and then performed bioinformatical searches for relation-
ships between time-of-day specific expression and transcription
factor response elements around transcription start sites. Here
we demonstrate the role of the Rev-ErbA/ROR response element
in gene expression during circadian night, which is in phase with
Bmall and in antiphase to Per2 oscillations. This role was verified
using an in vitro validation system, in which cultured fibroblasts
transiently transfected with clock-controlled reporter vectors
exhibited robust circadian bioluminescence'’,

To perform comprehensive measurement of mammalian circa-
dian gene expression, we profiled genome-wide expression patterns
of central (suprachiasmatic nuclei, SCN) and peripheral (liver)
clocks every four hours during light/dark cycles (LD) or constant
darkness (DD) over two days. We extracted total RNA from 50
pooled SCNs and four pooled livers at each time point, prepared
biotinylated complementary RNA and used an Affymetrix mouse
high-density oligonucleotide probe array (GeneChip) to determine
SCN and liver gene expression.

The data obtained were analysed through two statistical cosine
filters, one for LD and the other for DD time courses (see
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